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New INSTRUMENTS 


1 
| 


This is our Record for 1935: 


{ 
In the textile industry spindle speed is very quickh 
checked by use of our type 631-A ‘‘ Strobotac” 
The “‘ Strobotac”’ is a highly efficient, new form o 
portable Stroboscope. When the instrument is 
adjusted to the right speed, spindles will appeat 
to be stationary. The “‘ Strobotac” has innumerabl 
uses for the observance of recurrent phenome: 
in rotating or reciprocating machinery, in mam 
widely differing industries. 


DURING 1935 we had the pleasure of introducing a great deal of excellent new 
apparatus. This apparatus was designed principally for service in the Electrical, 
Radio, Communications and Cables, Telephone Engineering, “‘Talkie”’, Acoustical 
Research and allied fields. However, many instruments have useful applications in 
many other widely differing industries, whilst a small proportion of the instruments 
have been evolved for specific purposes which lie well outside our usual sphere 0! 
activity. 


. . 

WE MAIL EVERY MONTH a gratis journal devoted to our new developments. 
Apart from keeping you up to date this journal also contains regularly descriptive 
papers of an invaluable and absolutely authoritative nature. | 


If you are not yet on our monthly mailing list, a request on your business heading 
will ensure it. Such a request will also automatically bring you, from time to time 
new Catalogues of great interest. 


A very brief summary of the new apparatus introduced by us during 1935 wil 
be found on the opposite page. 


CLAUDE LYONS, L™ 
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THIS IS THE RECORD! 


ANUARY: New Portable Cathode-Ray Oscillograph, with built-in power-supply and 
mear Time Axis. Compensated Decade-Resistance Units, and Slide-Wires. Incre- 
ental-Pitch Condenser. 


EBRUARY: Type 683-A Oil-Cell for bridge analysis of samples of oils. Laboratory- 
ittern high-powered ripple-free power-supply units. 


LARCH: New Type 651 Moving-Film Cameras for recording high-speed transients 
_ cathode-ray oscillography. New, ultra-fast screen cathode-ray tubes having complete 
sence of afterglow and high actinic value, enabling comparatively small aperture 
nses to be employed. 


PRIL: New Complete Transmission Monitoring Assembly, type 730-A (as supplied 
. the B.B.C.). New “VARIAC”’s (infinitely-variable power transformers). New 
rect-reading Variable Inductance Standards. 


LAY: New Type 667-A Inductance Bridge. New, cheap and ultra-stable fixed 
tandards of Capacity. New, large size Oil-Ceéll (type 683-A). New Precision 
ariable Standards of Capacity having pure quartz insulation. Improved Standard- 
requency Assembly, Series 690. 

UNE: Improved Audio-Oscillator, type 813-A. Type 714-A wide-range, high- 
ielity Laboratory Amplifier. 

ULY: Type 741 wide-range audio-transformers having virtually flat characteristic 
irves from about 35 to 200,000 cycles per second. 


UGUST: Type 713-A, ultra-stable, harmonic-free, high-powered, mains-driven 
eat-Frequency Oscillator: range 10 cycles to 9 16,000 cycles per second, with calibra- 
yn point for every individual cycle. 


EPTEMBER: New Type 722 Precision Variable Condensers having increased 
curacy and permanence of calibration, with either isolantite or pure quartz insulation. 
aproved Vacuum-Tube Bridge, type 561-C. Type 631-A “Strobotac”. Type 725-A 
Colour-Comparator”’. 

CTOBER: Type 646-A Logarithmic Resistor. Shielded Transformers for impedance 
idges. Type OS-7 Serviceman’s Master-Oscillator, range 40 MC to 100 KC 
-5 to 3000 Metres). 


‘OVEMBER: New Type 559-B Noise-Meter, range 34-150 db. above 10° *° watts 
1 Sq. Cm. at 100 cycles per second. Rack-mounted Electron Oscillograph. Cheap, 
tra-sensitive, quiet, long-life Photo-Electric Cells. 


ECEMBER: Very cheap miniature Standard-Signal Generator for the advanced 
‘rviceman and small Radio Manufacturer: range 27 MC to 100 KC (11 to 3000 
etres). “DUMONT” Cathode-Ray Oscillograph Equipment. 


Our record during 1936 will be equally interesting, progressive and useful 


Head Offices: 76 OLDHALL ST., LIVERPOOL, 3 
London: 40 BUCKINGHAM GATE, S.W. | 


Fata EE LE EI NT CE TEL eS LE 


CONDENSERS 
FOR RADIO 
TRANSMITTE 


When your Condensers bear 
name Dubilier, you know thf 
you have the finest in the wo 
Dubilier are specialists in 


design and manufacture of C 


densers forall purposes includi 
high frequency, oscillatory, 


pass, high tension smoothing a. 


circuits used in connection wi 
} 
} 


PORCELAIN INSULATED MICA ANODE STOPPING spectrum analysis. | 


CONDENSER. FOR MEDIUM SIZE TRANSMITTER. 


Rating 0°002,F 10,000 volts D.C. 
+10 amps @ 600 metres 


We shall be pleased to quo 
entirely without obligation « 


receipt of your detailed requi: 


ments. 


DUBILIER CONDENSER CO. 
(1925) LTD 

DUCON WORKS, VICTORIA RD 

NORTH ACTON W.3 

SPECIAL FORM OF ALUMINIUM CASED MICA 


CONDENSER. FOR DEVELOPMENT OF HEAVY RADIO 
FREQUENCY CURRENTS. 


Rating 0°01 uF 100 amperes @ 500 kilocycles 


THE PROCEEDINGS OF THE PHYSICAL SOCIETY v 


ULTRA-VIOLET LIGHT 
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The VI-TAN Unit illustrates one of our new discharge lamps with 
accessories, which are much simpler to use than the older arc types. 
Self-starting, robust and transportable, they can be used in any 


position. BRITISH INDUSTRIES FAIR, 1936 


At our stand No. A. 51, London Section, a wide range of arc and discharge mercury vapour 
lamps, suitable for scientific and industrial work, will be shown. 
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WOOD-WATER RELATIONSHIPS: (1) MOLECULAR 


SORPTION AND CAPILLARY RETENTION OF 
WATER BY SITKA SPRUCE WOOD 


By W. W. BARKAS, M.Sc., Forest Products Research 
Laboratory, Princes Risborough, Aylesbury, Bucks. 


Received Fune 3, 1935. Read October 4, 1935 


BSTRACYT. An attempt is made to distinguish experimentally between the amount 
zw, of water held by molecular sorption, and that, w,, held by capillary retention on finely 
{ground flour of Sitka spruce wood. The method used consists in flooding the evacuated 
our with an evacuated aqueous solution of sucrose and measuring the change in con- 
centration of the solution with an interferometer. Since capillary retention requires for 
its manifestation free liquid surfaces in the interstices of the wood, it is claimed that, 
‘when the vacuum method here described is used, only true molecular sorption will cause 
ja change in concentration of the solution. Since there are indications that a certain small 
amount of sucrose also is adsorbed by the wood, it is impossible to arrive at the exact 
-jvalue of w,, but a minimum possible value w, min.) is given which varies with the vapour 
pressure of the solution used, and amounts, on extrapolation to infinite dilution, to some 
23 per cent of the dry weight of the wood. The difference between the total sorption W 
neasured on the vapour-pressure isothermal and the values of w, min.) here found is taken 
j-o represent the maximum possible value for w,. 

The question of the sorption of sucrose is discussed, and the suggestion is made that 
the moisture-content hysteresis in w, is smaller than that in W; thus a greater proportion 
»f water is held by capillary forces on desorption than on adsorption. 


§1. INTRODUCTION 


HE lowering of the vapour pressure of water held in wood can, in common 
with the same phenomenon in other gels, be accounted for either on the 
capillary theory, which holds that a low vapour pressure is due to the purely 
yhysical effect of the presence of curved menisci of the condensed phase in the 
mall interstices of the solid phase, or alternatively on the assumption that mole- 
ular binding forces exist between the liquid molecules and those of the solid. 'The 
iterature in support of each of these theories, or modifications of them, is vast, but 
he whole subject has been very fully discussed in McBain’s The Sorption of Gases 
md Vapours by Solids (1932). 

The present paper, which forms part of the work comprised in Project 8 of this 
uaboratory, is concerned with an attempt which was made to distinguish experi- 
nentally between these two theories as applied to the sorption of water by wood. 
PHYS. SOC. XLVIII, I ii 


5 W. W. Barkas 


Previous works on wood-water relationships bearing on the question of sorption are 
not numerous. Pidgeon and Maass™, Lavine and Gauger™ and Seborg and. 
Stamm) have measured the vapour-pressure isothermals of various woods in the# 
form of small pieces or of fine flour and found the curves to be identical in shape, | 
though not in numerical values, with those for cotton and similar materials. 
Stamm and Loughborough™ have made use of these curves in studying the thermo- : 
dynamics of the swelling of wood. The work of Pidgeon and Maass has a directiff 
bearing on the present discussion, since the authors conclude that molecular ¥ 
sorption accounts only for the low vapour-pressure values up to a moisture-content 
of about 2 per cent, before the hysteresis appears, and that the sorption in ony 
hysteresis region is entirely capillary. They calculate from the Thomson equation | 
that the radius of the menisci at the lower end of this range is 4-5 x 10-* cm. and 
that ‘near the saturation point” it is 3-8 x 10-6 cm.* Lavine and Gauger account} 
for the differences between the vapour-pressure isothermals of various substances 
entirely in terms of the distribution of capillary magnitudes, while Stamm andj 
Loughborough take the point of inflection on the isothermal as the approximate 
transition point between the two forms of sorption and say: “‘ This relative vapour/j 
pressure gives a capillary radius...that is only 2-3 times the molecular diameter. |f 
This is very near the limiting distance expected for primary molecular attraction f 
and should represent the limiting size of capillary in which capillary condensation} 
can take place.”’ Now it is evident that since the lower value calculated by Pidgeon: 
and Maass is only twice the diameter of the hydrogen molecule and only half the} 
narrow axis of the cellulose molecule™, it is impossible to construct either a circular] 
cavity of these dimensions surrounded by such large units, or a hemispherical } 
water-surface inside it. The same difficulty applies almost equally to the calculation) 
of Stamm and Loughborough. Since the derivation of the Thomson formula } 
assumes a spherical meniscus, we must, for this reason alone, dismiss the quan- |] 
titative validity of the calculation. This does not, however, rule out the capillary |} 
theory as a qualitative explanation of sorption at the higher vapour pressures |} 
because, though we may reasonably expect both the density and the surface net | | 
of the water to be modified by its close association with the capillary wall®, it is’ 
none the less true that a concave meniscus of any shape will result in a lowered |] 
vapour pressure, though its shape may be too complicated for mathematical com- 
putation. Another point in favour of the capillary theory is, as has been pointed 
out by Zsigmondy, that it very neatly explains the hysteresis between wetting 
and drying as being due to the fact that the delayed wetting of the capillary wall 
in the adsorption cycle results in a flattened meniscus and a higher vapour pressure. 
The true Thomson effect is observed only on desorption when the capillary walls 
are wet and the menisci hemispherical. 

Theargumentleading up to the method used here to differentiate between moisture | 
held by capillary forces and that held by molecular sorption is as follows. The 
capillary theory requires, for the manifestation of lowered vapour pressure, the 


_ * Since at complete saturation these radii 
highest values of the vapour pressure which t 


must be infinite, the authors presumably refer to the 
hey actually measured. 
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: presence of free water-surfaces, or more strictly air-water or vapour-water inter- 
faces, in the interstices of the material, while the molecular theories will admit of 
| a bond between the water and the wood even if no such interface exists—that is to 
» say even when the wood is completely immersed in water. Hence any method 
_ which can demonstrate sorption when the wood is completely impregnated, without 
} the possibility of free water-surfaces occurring, will be measuring molecular sorption 
and will ignore capillary retention. Since the total sorption at any vapour pressure 
; is given by the vapour-pressure isothermal, any difference between this total and 
that proved to be molecular sorption may reasonably be put down to capillary 
ii forces. It should be noted that this method of distinction is purely experimental 
{| and does not require any assumption as to the nature of the molecular sorption nor 
| the quantitative validity of the Thomson formula. 
In the method adopted, samples of wood flour, ground sufficiently fine to ensure 
} the cell structure being broken down, were evacuated till the dry weight was con- 
stant. This dry flour was then saturated in a vacuum with an aqueous sucrose 
solution of known concentration, which had also been evacuated as completely as 
possible. When the flour was completely immersed, the apparatus was opened to the 
‘| air so that a pressure of 1 atmosphere forced the solution into the interstices of 
the wood wall. If molecular sorption occurred, water would be abstracted from 
the solution and held by the wood, thus leaving the solution at a slightly higher 
) sugar-concentration than before. Capillary retention, on the other hand, would 
not be measured because no free menisci would be available for its manifestation. 
Thus if W is the total weight of water held by 1 g. of the wood as determined from 
the vapour-pressure isothermal, and w, is the weight of water held by molecular 
sorption per gram of wood, then the difference is the weight w, held by capillary 
® forces, thus 
Wee ee BN ek eee lars (x): 
| The present research, which was begun in 1931, was inspired by the work of 
’ Newton and Gortner“® on the bound water in vegetable tissues. Their method 
i showed the value of sucrose as an indicator of sorption, but they did not adopt a 
# vacuum technique. This meant that the penetration of the material by the solution 
f might be incomplete, free liquid surfaces might occur, and capillary retention 
might result by vapour diffusion from the solution across the air spaces. Their 
method was to measure the lowering of freezing-point of the solution and from it 
to calculate the amount of water abstracted, but this meant working at temperatures 
lower than those usually met with in practice, and with such quantities as would 
ensure a large change in concentration of the solution. Interferometer measurement 
} of concentration-changes was therefore adopted, as it was suitable to any tem- 
| perature, and concentration-changes as low as o-o1 per cent of sugar could be 
J measured with reasonable accuracy. A report on the preliminary results of this 
} work appeared in 1932”, and the use both of sugar solution as an indicator and 
} of the refractometer for measuring changes in concentration has been extended by 
others ‘'*’?3™. but so far as the author is aware no attempt has been made on the 


} present lines to differentiate between molecular sorption and capillary retention. 
I-2 


= 
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§2. THEORY 


Let X be the dry weight of flour, M the weight of solution added, C, the initial | 
concentration of sucrose solution in grams of sucrose per gram of solution, C, the 


concentration of the solution after sorption, AC the change (C.-C) in concen- Jf 


tration, and s the weight of sugar held by molecular sorption per gram of wood. 

Initially we have C,M g. of sugar and (1—C,) M g. of water in the solution. 
After adsorption there are (C\M—Xs) g. of sugar and (1—C,) (M—Xw,) g. of | 
water in the solution. 


C,— Xs 
Eas C= G—C) M— Xu,+CM—Xs’ 
ACH Xs (r=C 
so that Wy= oe aa 7) ee (2). 


When the wood and sugar solution reach equilibrium, the aggregate (wood + 
sorbed water+sorbed sugar) must be in thermodynamic equilibrium with the |f 


remaining solution at its final concentration C,; that is to say they must exert the | 


same vapour pressure. Hence if s were known for different values of C,, a vapour- |} 
pressure isothermal for w, could be built up by using solutions of different con- |] 


centrations whose vapour pressures may be obtained from tables. Now s is in |f 
fact unknown, but if it is assumed to be zero, equation (2) above shows w, will | 


then have its minimum value which we may call w, «min.). Thus equation (2) may be |} 
written | 

Wy = Wj min TSS Cp) CS Ae eee (3), 4} 
where wy min. =MAC/C,X and is the smallest possible value of w,. The second |] 
term represents the amount to be added to w, (min, to give the true molecular sorption i} 
if s were known. Thus w, cannot be greater than W—w, min, and could be zero. 


§3. MATERIALS 


Blocks of Sitka spruce (Picea Sitchensis Carr.) were cross-cut and sifted to 
produce a fine sawdust whose mesh-size lay between 60 and 100. This was extracted 
for 48 hours at 20° C. distilled water with constant stirring, when on further shaking 
with distilled water the liquid showed no change in refractive index to the fifth 
place of decimals. The extractives removed in this way amounted to 0-75 per cent 
of the dry weight of the wood. After extraction the flour was air-dried without 
heat and stored in air-tight bottles. This method ensured a supply of material of 
great uniformity and was used for the whole of these experiments. 

Pure analytical-reagent sucrose crystals, C,,H,,O,,, were used for the solutions, 
which were made up fresh to approximate strength as required. As soon as they 
had been prepared the solutions were put into the sorption apparatus K, figure 1, 
and evacuated till the residual air pressure, measured on a McLeod gauge, was less 
than 0-005 mm. of mercury. As freezing methods were not available, this evacuation 
was effected by evacuating a large vessel L, some 100 times the volume of the 
vessel containing the solution, and then putting L and K into communication. 
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In this way the pressure was reduced at each operation to about one hundredth of 
the difference between the pressures in the two vessels, whereas the loss of water 
was only the weight of vapour required to saturate the larger volume. Since the 
concentration of the solution was measured on a sample taken later in the experi- 
ment, this loss does not affect the results. 


§4. APPARATUS 


A sample of wood flour weighing about 1 g. was contained in each of the three 
bottles A, figure 1. These bottles, which had a capacity of about 25 cm, could be 
closed by the tap B and removed, while evacuated, at the ground-glass joint C, 
of which the inner half was connected to the bottle to facilitate the removal of the 
tap grease before weighing. The outer halves of the joints C were joined by D to 

the two-way tap FE, one side of which led past a mercury manometer to the drying- 
tube F, which contained P,O;, and thence to the McLeod gauge and the Hyvac 
‘rotary pump. The other side of £ (not shown) served to admit air when the bottles 


vacuum 


Figure 1. Diagram of apparatus. 


‘had to be weighed. The other two-way tap G led down to a horizontal ground- 
glass joint H which held a graduated tube J, about 20 cm. long, on the end of which 
was a bulb K containing about 100 cm? of solution. The other branch of G led 
‘through the large vessel L to the tap M, and thence to drying tubes (not shown) 
i and a service vacuum. 
| With J and K hanging down in the position shown, the solution could be 
: evacuated first through M and later through N and F to the high vacuum in the 
“manner described above, but when J was turned about the joint H through 180°, 
‘the solution ran down into J. With E and B closed, the tap G was opened to D 
which was thus completely filled with solution. By noting the level of the solution 
‘in J, any required volume could be admitted to the bottles A, the exact amount 


being determined by subsequent weighing. 
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The tube D was slightly inclined so that any minute bubbles would rise to the J 
tap E and would not enter the bottles. These bubbles are at the pressure of the Jf 
evacuated system, and do not represent poor evacuation of the apparatus. The Jf 
small side-tube and tap at O, between J and K, served to admit air after the ff 
experiment. | 
A few points with regard to the bottles A require special notice. The bore of ff 
the holes in the taps was slightly enlarged at the ends so as to give a small space inj} 
which surplus tap grease could collect and not be drawn into the bottle by the rush 
of liquid on opening. The ground stoppers of the bottles had grooves round the 
lower ends of the ground surfaces and the grease was spread only above these 
grooves. In this way the surplus grease was enabled to squeeze into the grooves | 
and could not mix with the solution in the bottles. The diameter of the bottles was | 
such that when the stopper was replaced by a rubber cap the bottles themselves | 
could be used as centrifuge tubes for separating out the flour from the solution. ff 
It may be of interest to note that an accurate Rayleigh interference refractometer | 
was constructed by using the tilt movement of a theodolite for mounting the com- | 
pensating glasses. These, if 1 mm. thick, give a fringe movement of about 74 of a | 
fringe to 1 min. of arc of tilt of the compensator. The only parts which were specially | 
bought for the instrument used here were the optically worked compensating- | 
glasses and the special one-piece double-compartment cell for the liquids. The | 
range covered was +0-0017 in the value of y. | 


§5. PROCEDURE 


The vacuum bottles together with the grease on the tap and the neck were |} 
evacuated and weighed. After about 1 g. of wood flour had been introduced into 
each bottle, the bottles were evacuated over the phosphorus pentoxide in F and 
weighed daily until a loss of water smaller than the experimental error, 0-2 mg., was 
registered. This gave X, the dry weight of the flour, equation (2). After prolonged 
evacuation to a pressure less than 0-005 mm. of mercury, the bottles were filled with 
solution and, as soon as the first one was detached, a sample of the solution was 
poured direct from the joint C into one of the two cells of the Rayleigh interference 
refractometer and a few drops were taken for the determination of the refractive 
index on the Abbé refractometer, which after temperature corrections gave the 
value of C, to o-r per cent from tables"®. The necks of the bottles were flushed out 
and dried and the bottles were weighed to obtain M, the weight of solution. The 
small amount of solution held in the bore of the tap was negligible. The taps B 
were now opened so as to allow the atmospheric pressure to force the solution into 
the wood. In most of the experiments the bottles were completely filled with 
solution, so that if they were slowly rotated the flour and solution could be mixed 
without the introduction of air into the mixture. Experiment showed that the 
measured sorption was completed in less time than was necessary for manipulation 
(about 20 min.), and that the opening of the bottles to the atmosphere as described 
above did not affect the results, so that actually the atmospheric pressure is not 


Wood-water relationships a7 


necessary for complete impregnation. Thus smaller quantities of solution could be 
used and the bottle could be shaken before being opened. With the more dilute 
solutions, the wood flour settled out in about half an hour and a sample of the 
supernatant liquid was then taken direct from the bottle to the other cell of the 
Rayleigh interferometer. With stronger solutions the sediment was centrifuged out, 
the bottle itself serving as centrifuge tube; thus errors due to evaporation were 
removed. The following tests were made to discover errors arising in the course of 
manipulation. (i) The use of empty bottles and distilled water showed that no 
detectable change in refractive index occurred as a result of solubility of the tap 
grease. (11) The use of empty bottles and sugar solution also showed no detectable 
change in refractive index; this proved that evaporation losses, or sorption on the 
glass and the tap grease, were negligible. (iii) The use of wood flour and water 
showed that the extractives had been removed sufficiently well for the refractive- 
index change to be less than 0-ooo001. 

The temperature of the apparatus was not regulated, but the solutions were 
shaken and centrifuged on the concrete floor of the laboratory, the temperature 
being usually between 19° and 20°C. and the maximum variations from 17-5° 
toz1° C. 


§6. MEASUREMENT OF AC 


After the two samples had stood in the interferometer for 2 hours, the difference 
Ap between their refractive indices was measured to o-oooo01 by taking the mean 
of the two values of Ay given with the cells in the direct and reversed positions, the 
necessity for an exact determination of the zero of the instrument being thus 
removed. It was found that when the cells were left standing there was a tendency 
for concentration-gradients to be set up in them owing to moisture evaporating 
and condensing at the tops of the cells. Before a reading was taken, therefore, the 
cells were shaken to remix the solutions in each compartment. The correction in 
Aw for the thickness of the walls of the empty cells amounted to 0-ooo12 and was 
applied to all readings. There was found to be no detectable error due to difference 
between the thicknesses of the cells themselves. 

The conversion of Au to AC could not be carried out directly since tables only 
give to o-ooor and C in steps of o-r per cent, so differences of y for 1-per-cent 
changes in concentration were taken and AC/Ay was plotted against the concen- 
tration at the centre of the range. In this way a large-scale graph of dC/du was 
obtained with very definite values from C'= 80 per cent (in grams of sugar per gram 
of solution) to C= 10 per cent, while a less definite line could be traced to C= 5 per 
cent. It was found that Schénrock’s tables"? gave a much smoother curve than 
Main’s tables“, owing to slight differences in the fourth place of decimals, and 
they were, therefore, used for this purpose. 

From this curve we have (dC/dw) Au=AC while C,+AC gives C,. The data 
necessary for the calculation of the w, min.) of equation (3) are thus completed. 
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§7. RESULTS 


Since each concentration of sugar gives a different vapour pressure with whichi 
the wood + water + sugar aggregate must be in equilibrium, we may expect different 
values of w, min.) to be obtained for different concentrations, and this has proved tc 
be the case. i | 


Table 1 4 i 
Relative W at | 
vapour same 
Reference M/X (Ch AC Wea (min. pressure relative |. 
of solution vapour |. 
Cy pressure 
86/1 | 26°31 0°3533 +.0:00233 O'175 0'9685 0279 
86/2 27°48 +0:00236 0183 
88/14 28°58 0°2859 +0:00186 o0'186 0'9775 0'296 
88/16 29°03 +0o0:00182 0186 
88/15 27°56 +0:00187 o'180 
98/13 54°55 01888 + 000065 0'189 0°9872 0°325 
98/11 51°9 + 0:00071 O'195 
98/12 56:8 + 0°00065 0196 
82/13 25°22 0°1783 +o:00I41 0'202 09882 0°339 
82/11 25-2 + 000141 0:200 
82/12 Ag Puls + 0°00135 0:206 
100/4A 25°05 01029 +0:00086 O'215 0'9943 0°356 
100/7 22°31 +0:00096 0'208 
100/9 24°52 + 0:00086 o'210 
9/13 25°28 0:0988 +0:00079 0'2025 0°9945 0°357 
9/12 26:02 +0:00077 02035 
92/4A 24°32 0°0554. +0:00049 O'214 0'997 0°370 
92/7 24°26 +0:00049 0°2135 
{ 92/9 23°79 +0°00049 0°2100 


In table 1 are given the results for each separate determination, grouped in sets 
representing separate runs of (usually) three bottles. The values of C, and AC are | 
given as grams of sugar per gram of solution, while M/X is the weight-ratio of 
solution to wood flour. The last column gives the value of the equilibrium moisture- 
content for the same wood flour at the relative vapour pressure of the solution 
used, these values being taken from measurements of the vapour-pressure isothermal 
of Sitka spruce flour at 20° C., figure 4. A detailed description of the measurement 
of the isothermal will be given elsewhere, in a paper more concerned with its exact 
determinations"”, when the most reliable results are obtainable. It is sufficient to | 
say here that the present figures for the moisture-content are unlikely to be in error 
by more than 2 per cent. The measurements were made on wood flour which had, 
as here, been previously evacuated to dryness. 
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§8. THE EFFECT OF THE INITIAL MOISTURE-CONTENT OF THE 
WOOD FLOUR 


If the wood flour initially has a moisture-content m grams of water per gram of 
iry flour, equation (2) becomes 
, MAC+ Xs’ (1—C,) | m 
ea Cx Le 


s uo! Stel: (4), 


i? 
or : =W, (min. + 


where the dashes refer to the desorption process. Provided that the value of m 
s sufficiently high for the sign of AC to be reversed when the solution is mixed 
vith the flour, desorption results and the solution becomes less concentrated. 

A few experiments were made with flour having a known initial moisture- 
ontent above the minimum saturation value. After the dry weight of the flour 
iad been obtained as before, the bulb K, figure 1, was filled with evacuated water. 
< was warmed and the bottles A were cooled, free distillation on to the flour being 
hus brought about. After m had been determined by weighing, the water was 
eplaced by sucrose solution and the experiment proceeded as before. 

Table 2 shows the values of w,/ min.) so obtained. 


Table 2 
Relative 

Reference | M/X m G AC Eeaare Wa (min. 

of (Cs 
102/1 49°9 Os7 a7 0°3019 — 0'0031I 0°9735 0'203 
102/2A 28°1 0577 O°3011 — 000385 0°9745 0°219 
102/3 25°2 0671 0'2993 — 000566 0:9762 0'194 
Mean | 0:205 
104/4A 24°6 0°542 o-1615 — 000209 0°990 0'223 
104/7 24°4 0°516 o'1616 — 000196 0990 0°220 
104/8 24-7 O:4.00 o'1617 —o-00189 0'990 0'202 

Mean | 0-215 | 


The mean values of w,’(min.) are higher than the corresponding values of w, min.) 
or the dry flour, and this shows that a hysteresis in 2, min.) occurs similar to that 
ound in the isothermal itself, but owing to experimental difficulties there is con- 
iderably more scatter between the individual readings, which makes the true 
etermination of w,’(min., less precise. 


§9. DISCUSSION OF RESULTS 


By extrapolating the values of w, min.) Of @q'(min.) to 100 per cent relative vapour 
ressure, it may be taken that the limiting value of either of these quantities is 
bout 23 per cent of the dry weight of the wood, or rather more than half of the 
stal sorption W in a saturated atmosphere. It is thus evident that the minimum 


Wy’, 


y 
We (min.) 
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amount of water held in the wood by molecular sorption and not by capilla 
forces forms a larger proportion of the total sorption than that deduced by th 
authors previously mentioned‘”*®; and it must always be remembered that th 
actual proportion may be larger still if sugar sorption is present. 

There is, however, a possible objection to the method used which may be raised 
and it will be well to consider it here before dealing with the question of the 
sorption of sugar. It may be argued that the fine capillaries of the wood substance 
act as a filter to the solution, allowing the small water molecules to enter but being; 
too fine to admit the larger sugar molecules. If this is so, then it is true that A 
will be effected in the way and in the degree observed in these experiments. If 
however, the effective radius of the sugar molecule in solution were known and 
were taken as the diameter of the smallest capillary which would admit sugar, it) 
would be possible from the Thomson equation and the vapour-pressure isotherma 
to determine the moisture-content below which this filter action would operate.| 
On the capillary theory, therefore, this moisture-content should correspond to the} 
values of the so-called molecular sorption measured in these experiments. There is¢ 
no precise information as to the dimension in question, but from the X-ray measure-| 
ments of the crystallographic axes of sucrose we obtain a figure which will bei 
larger than the sucrose molecule itself and which will therefore give too high af 
value for the moisture-content at which filter action could occur. Taking the} 
largest axis of the sucrose molecule as 10:6 x r0o-® cm."®), we obtain from the 
Thomson equation a vapour pressure corresponding to a moisture-content of only, 
about 7 per cent. These experiments, on the other hand, show sorptions up to aif 
moisture-content of 21 per cent with solutions of 97 per cent relative vapouri) 
pressure corresponding to a capillary radius of 360 x 10-§ cm. Thus the argument 
is untenable unless the molecular aggregation of sucrose in solution is more than 
68 crystal units in diameter or about 165,000 in spherical volume. The number of 
molecules in the aggregate would have to be still greater in view of their smaller 
size. 

A second possible argument is that the cellulose molecule in wood is generally 
considered to be of a long polar form grouped into bundles or micellae, and that 
water is attached to the side chains of these molecules. It may, therefore, be} 
argued that the water is held not in cylindrical holes but in parallel-walled slits} 
between one layer of molecules and the next, making the meniscus not spherical 
but cylindrical. Assuming the validity of the Thomson equation, and following the} 
derivation of the formula given by v. Helmholtz, we can show that to exert all 
given vapour pressure the radius of such a cylindrical meniscus must be one half} 
that of a spherical meniscus. This will still mean, however, that about 20,000 crystal 
units of sugar must be grouped if they are not to enter a pore giving a relative} 
humidity of 97 per cent. This assumption of a cylindrical meniscus in a parallel- 
walled slit has the counterbalancing disadvantage that, at low vapour pressures, the }} 
calculated sizes are even smaller in relation to molecular dimensions, so that the} 
theory becomes even less acceptable. Thus the only ground left for assuming that 
the effect here measured is due to a filter action must be that even at vapour 
pressures approaching saturation the value of the radius given by the Thomson 

‘ 


| 


| 
| 


1 


Wood-water relationships II 


uation is some thirty-five times too small, whereas it is precisely at the higher 
pour pressures that this equation becomes quantitatively acceptable. 


§10. THE SORPTION OF SUGAR 


If the true molecular sorption w, of the water were known, the sorption s of 
gar could be obtained by writing equation (3) thus 


— CG; (Wa Wz cmin.)) 

= ee gee (5): 
As was pointed out above, w, is not known but must lie between the value 
«min. , Which it has when s is zero, and W, the value found from the vapour-pressure 

thermal. w,—= W corresponds to the maximum value of s which we may call smax.. 
table 3 the results shown in table 1 are again used to calculate the maximum 


S 


Table 3 
Mean 
Reference (ls Wa min.) W See value of 
: Smax. 
86/1 0°3533 O°175 0'279 0:0568 0°0547 
86/2 0-183 0°0525 
88/14 02859 0186 0:296 0°0440 0'0448 
88/16 0-186 0'0440 
88/15 0180 0°0465 
98/13 01888 0189 0°325 0'0319 0°0310 
98/11 O'195 0'0303 
98/12 0-196 0:0308 
82/13 0°1783 0°202 0°339 0'0297 0°0299 
82/11 0:200 0°0302 
82/12 0'206 0:0298 
100/4A o*1029 O'215 0°356 0:0162 00166 
100/7 0:208 0:0170 
100/9 0°210 0:0168 
90/13 00988 0°2025 0°357 00169 00168 
90/12 0°2035 00168 
92/4A 0°0554 oO'214 0°370 0'00913 0'0093 
92/7 0°2135 0'00913 
92/9 0'2100 0:00938 


ption of sugar, by assuming that w,=W. Figure 2 gives graphically the relation 
Smax. to the concentration of the solution, showing that the mean values lie on 
almost straight line which passes through the origin, as we should expect. This 
iple relation between smax. and C affords, however, no evidence that w, is in fact 
ial to W, because a similar relationship would also hold if w, were, at each vapour 
ssure, any simple fraction of W. The values of s would then be reduced in the 
1e ratio. 

Hitherto it has been tacitly assumed that the water and the sugar are sorbed 
ependently, so that the water in the wood + water+ sugar aggregate exerts a 
your pressure equal to that exerted by the same quantity of water in the simple 
e where only wood and water are present. To test the validity. of this assumption 


Smax. 
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a sample of wood flour was flooded with distilled water in which sugar weighin} : 
4 per cent of the dry weight of the flour had been dissolved. ‘This was evaporates} 
to dryness in vacuo without heat to give an intimate mixture of wood and sugar 1 


Smax . 


maximum 


Es 
Smax. mean value + } spatter 


maximuni 


S'max. mean value> b} 


seatter 


C2 —> 0:1 0:2 (+3 
Figure 2. Curve relating s,,,,, with C,. 


the above proportions. The isothermal of this mixture was determined simul 
taneously, with that of a control sample of flour treated with distilled water only, s 


Relative vapour pressure 


0:10 0-15 0:20 0525 0°30 0-35 0-40 
Moisture-content 
Figure 3. Adsorption isothermal of wood flour+4 per cent of sucrose at 20°C. Wood flour 


only —----- ; Wood+4 per cent of sugar, experimental ; Wood+4 per cent of 
sugar, calculated --~-*--- : 


vapour pressures might be accurately determined. In figure 3 the isothermal of 
the wood alone is shown as a broken line, based upon table 2, and that of wood + ' 
per cent of sugar is shown as a full line. The dotted line shows the curve which 
would have been obtained had the wood and sugar each held its full complement 
of water independently. It is thus evident that the action of the sugar is nol 
independent of that of the wood, and we may therefore conclude that (i) sugar is” 
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tbed by the wood, (il) Wg > Wa min.) , and (iii) the values of s shown in figure 2 are 
o large. 

The isothermal of the ternary mixture shown in figure 3, while demonstrating 
€ sorption of sugar, does not help in fixing the exact value of w, because, as in 
e€ case where wood and water only are concerned, it is the total sorption by the 
ood and sugar that is measured, and no indication is given as to the proportion 
this that is due to either the wood or the sugar separately. 


When we make the attempt to get beyond the present position of knowing a 
inimum value for w, and a maximum value for s the argument becomes much 
ore speculative, but with this proviso a little more information may be gained 
om further study of the values of w,’ min.) found for desorption. Figure 4 shows the 


mean value 


maximum 
scatter 


Relative vapour pressure 


0-20 0°25 0-30 0°35 0-40 0°45 0°50 
Moisture-content 


Figure 4. Adsorption and desorption isothermals of Sitka spruce flour at 20° C. 
. Up, aap af Dy came 


yper values of the isothermal both for adsorption and desorption. The latter 
lues were measured on the same sample as the former, but the moisture-content 
as raised above the minimum saturation value by free distillation of water on to 
e flour till it exceeded go per cent. On drying by small steps a measurable drop 

the vapour pressure occurred at moisture-contents much in excess of the 
sorption-saturation value, showing that the hysteresis persists even at the 
turation vapour pressure. The dotted line shows the commonly accepted shape of 
e hysteresis loop, which is usually obtained by extrapolation from lower desorption 
lues and would probably be found on desorption from the fibre-saturation 

isture-content of about 40 per cent.* This effect of hysteresis at saturation will 
- dealt with in a later publication”, but it is important for the present discussion 
he calculation of s’ is to be attempted for the water-desorption cycle, since we are 
re starting from high moisture-contents. Table 2 showed that a hysteresis exists 


* The term fibre-saturation point is defined to mean the moisture-content of wood when the cell 
ll is saturated but the cell spaces are empty. The point must correspond to the minimum moisture- 
tent in equilibrium with a saturated atmosphere. Other work at this Laboratory(17) indicates 
1t this equilibrium moisture-content is not a simply defined point and that further research is 
yuired. The fibre-saturation point is here taken provisionally as the moisture-content reached at 

per cent relative vapour pressure in the adsorption process, which for Sitka spruce flour is 
ut 40 per cent at 20° C. 
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between w, «min, and 2,’ min, , the wetting and drying values of the minimum molecull 
sorption. This hysteresis is not, however, necessarily due to differences in tl 
sorption of water, since the measured values of w,(min.) and Wg (min.) are affecte 
by the sorption of sugar. Further, it is to be remembered that in the case of sme 
the water and sugar are adsorbed simultaneously, whereas in that of S’max. tk 
adsorption of sugar is coincident with the desorption of water because the woc 
had initially an artificially high moisture-content. This poisoning?” of the surfaell 
by the previous sorption of water would lead one to expect that s’max. would X 
smaller, rather than greater, than smax. for a given final concentration C,. I§ 
however, we calculate s’max. from the values of W’ shown in the desorption curve iff 


greater than the corresponding values of smax. column 7, taken from figure j 
This is sufficiently improbable to suggest that whatever the ratio w,/W, the corrd 
sponding ratio w,’/W’ is smaller ; which means that the hysteresis loop for mon 
sorption is narrower than that for total sorption. H | 


Table 4 
I 2 3 4 5 6 7 8 
Relative ‘Wy coat | 
Reference m vapour Wy Gain) Ww’ Shaan Smax. derived| 

pressure from |f 
of Cs Smax. H | 
102/I O77 0'973 0°203 0°353 0:0648 0:0480 o'319 |F 
102/2A 0577 0'974 0:219 0°356 0°0590 00477 0°332 | 
102/3 0°671 0'976 O194 o°361 O'0714 0°0475 0°305 | 
| Means 0'974 = = 0:0651 0°0477 0319 1 | 

104/4A | 0542 "990 0°223 0°420 0°0380 0°0265 0°359 

104/7 07516 "990 0°220 0°420 0°0393 0°0265 0°355 

104/8 0°4.90 0990 0°202 0°420 00421 0°:0265 0°338 

Means 0°990 — ss 0:0398 0°0265 O°351 


The shape of the desorption curve in figure 4 supports the view that, at artil] 
ficially high moisture-contents, a large proportion of the water is held by capillar : 
forces. To simplify the argument which follows we shall assume that the pores i 
the wood consist of circular holes of uniform cross-section but of varying sizes 
There is actually no evidence to prove that this is so, but qualitatively the effe : 
will be the same whatever the shape of the holes. Initially the wood contains in it 
interstices free water which, being in equilibrium with the saturated vapo 
pressure, must have flat surfaces. On evaporation of a small quantity of wate: 
these surfaces will at once become concave, giving the reduced vapour pressurt 
corresponding to the drop in vapour pressure associated with a very small loss 6 
water. This will occur on desorption whatever the initial moisture-content betweet 
the adsorption fibre-saturation point and complete saturation of the wood. T é 


q 
| 
| 


4 


second stage commences when the radius of curvature of the menisci equals that 
of the largest pores in the wood. At this point the largest pores begin to empty and 
since by the Thomson equation the rate at which the vapour pressure chang 
with curvature of meniscus is small for large capillaries, considerable loss of watet 


4 
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rom the largest pores will be associated with only a small further drop in vapour 
ressure. This accounts for the shape of the desorption isothermal down to a 
noisture-content of about 40 per cent. 

Hence there are good grounds for assuming that, on the desorption curve, at 
east all the water in excess of the adsorption fibre-saturation point is held by 
apillary forces, from which it follows that w,’ < W’ and that the values of s’max. in 
able 4, column 6, are too high. If this reasoning is sound we may now deduce an 
ipper limit for w,’, which we may call w,’ (max. , from the improbability of the sugar 
sorption being greater when water is initially present than when water and sugar 
re adsorbed simultaneously. These values are given in table 4, column 8, and are 
tained by calculating w,’(max. from equation (2), using the value of smax. found 
rom the adsorption experiments, column 7. The lower limit to w,’ remains equal 
O W, (min.) aS given in column 4. %,/(min. and Wq’(max., are plotted in figure 4. 

If more experiments had been made with previously moistened wood flour 
ver a wider range of solution-concentrations C,,, the values of w,’ (max), could have 
een determined more accurately, but it hardly seems worth while to do this in 
riew of the fact that the possible limits of w,’ are in any case fairly wide and the 
xperimental difficulties considerable. ‘The experiments here recorded are sufficient 
o show that the hysteresis loop in w, is narrower than that in W, and that therefore 
nore water is held by capillary forces on desorption than on adsorption. 
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APPENDIX ADDED OCTOBER 17, 1935 


Measurements made on the unextracted flour of the same batch of Sitka 
spruce were not included in this paper, partly because the experimental difficulties 
were such as to lower one’s confidence in the accuracy of the results, but chiefly | 


because an accurate isothermal for the natural wood was not available when thet 
paper was submitted. Since then I have found that the isothermal of natural white} | 
spruce has recently been measured by Filby and Maass, and as this curve agree 
well with my less accurate measurements on natural Sitka spruce I think it mayj 


serve as a basis of calculation. 


| 


solution. For the first test different proportions of flour and water were shaken \j 
together im vacuo for different times. It was thus shown that, for the range off 
flour-solution ratios used in the experiments to be described, the extractives were 
completely dissolved in about 2 hours and gave a refractive-index change equi- 
valent to o-oo160 for 1 g. of flour per 1 g. of water. Hence the correction for any 
flour-water ratio could be calculated. For the second test, samples of the solution | 
of the extractives which had been removed from the flour used in the main experi- | 
ments, page 4, were mixed in equal volumetric proportions with (a) pure water, 
(b) 8-per-cent sugar solution, and (c) 19-per-cent sugar solution. It was found that 
the refractive-index change was sensibly equal in each case so that the refractive 
index due to the extractives was volumetrically additive to that of the sugar solution. 
Table 5 gives the results in the same way as does table 2 in the main paper, 
page g, with the addition of W from the isothermal and the calculated values of smax | 
as in table 3, page II. 
If smax. is plotted against C, it will be found that the means of the points for s 
for dry flour lie almost exactly on the line shown in figure 2, except.in the case of 
the most concentrated solution, while for the flour with a high initial moisture- 
content the means of s’ lie at values roughly corresponding to those for s’ in figure 2 
but, as in the case of the extracted flour, the scatter is considerable owing to experi- 
mental difficulties. For s’ also the points for the highest concentration are higil 
compared with the values shown in figure 2, but the necessity of correcting for the 
refractive index of the extractives considerably increases the possibility of experi- 
mental error, so it is possible that this observation is due to pure coincidence. 
x In general we may conclude that for the natural wood the results are almost 
i cue mae is ee ee ae eae that the proportions of wate 
| : s is borne out by the fact that the 
isothermals are also practically identical in each case. 


Wood-water relationships 
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Table 5 
Relative 
Reference M/X m Cy AC Beare Wa (min.) W Smax. 
of Cy 
(a) Dry flour 
116/13 24°91 Zero 0°3938 0°00277 0:962 OvI7 Slee O:2 ON OLOn/ 520 
116/11 26°41 si 03938 000281 o:189 00662 
mn) 12, |) 25°50 ss 0°3937 0°00269 O174 0:0760 
70/4A | 28:38 Pe 01973 000148 0-986 0213 | 0330 | 00288 
70/7 28°53 O'1Q71 O:00171 0'204 0:0306 
70/8 P2roT, = O1Q71 0:00167 0189 0:0346 
76/1 2220 0°1940 c:0016g9 0:987 0'204 | 0°331 | 0°0306 
76/2A | 26:32 55 O°1942 0:00148 o°201 0'0314 
76/3 22°69 A 0'1940 000169 0'197 0°0323 
56/4 TO 7) . 01676 000302 0989 ©2175) 0-350) 1010208 
56/5 12°23 0'1675 0°00307 0'225 0°0252 
56/9 12-32 5 0°1679 0°00272 0:202 0'0299 
(6) Wet flour | 
Wo (min.) Stans 
114/16 | 26-7 0-520 | 073832 — 000476 0:963. | 0:193 | 0:339 | 0:0907 
114/15 | 25°9 | 0°453 | 0°3839 | —o-00409 0187 0°0947 
MOO); TAS | 22°7, 07614 | 0°3578 —0:00638 0968 0°200 | 0°344 | 00804 
00/16 | 25°7 o'481 0°3570 — 0'00403 O-19I 00882 
106/15 | 28-2 07414 | 0°3581 —0'00308 0208 00808 
AEO8/13. | 12°14 | 0-405 | 0:1873 | —0-00314 0:987 07200 | 0-402 | 0:0465 
| 108/11 | 33°2 0°543 | o:1890 | —0:00206 0:208 0°0455 
mexOS/T2 | 2575 0577 | 01888 — 0'00231 0'236 0'0387 
: 
a 
: 
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A COMBINED HYDROGEN AND HELIUM 
LIQUEFIER 


By B. V. ROLLIN, Clarendon Laboratory, Oxford 
Communicated by Prof. F. Simon, May 28, 1935. Read October 4, 1935 
ABSTRACT. A description is given of a helium liquefier which needs only liquid air } 


for the initial cooling and is designed to enable low-temperature experiments to be made 
in the ordinary laboratory. 


§1. INTRODUCTION aI | 


to work at liquid-helium temperatures in any laboratory in which liquid 
hydrogen is available. However, as in many laboratories a supply of liquid jj 
hydrogen is unobtainable it seemed useful to design an apparatus in which only 
liquid air is required for the preliminary cooling and in which a small quantity of | 
hydrogen, sufficient to obtain the necessary starting-temperature for the helium: 
stage, is liquefied inside the apparatus itself. For occasional work it is simpler and | 
much less expensive to construct a double liquefier of this type than to set up” 
separate liquefiers for hydrogen and helium. . 
In the apparatus described here there is first a small Linde liquefier for hydrogen 

of the type described by Ruhemann™. For the helium stage the expansion method } 
developed by Simon” is employed.* | 
The hydrogen liquefier is worked from high-pressure hydrogen cylinders so | 
that no compressor is needed. For the helium liquefier a small compressor is used, ] 
but for occasional work this is not necessary as it would be quite possible to work } 
with a high-pressure helium cylinder. : 
It was thought worth while to give a complete description of the apparatus and } 
technique so that the important details in the construction and operation could be } 
more easily reproduced. 


R=: developments in low-temperature technique have made it possible jf 


§ 2. GENERAL DESCRIPTION OF THE APPARATUS 


To illustrate the principle of the methods employed a simplified diagram of the | 
liquefier is shown in figure 1 together with connexions to the hydrogen and helium | 
circuits. 

With the exception of the glass Dewar vessel D the apparatus is made entirely | 
of metal and the various parts are soldered together. 


ey the possibility of constructing such a double liquefier was first shown by preliminary work b 7 
Kaischev (3) in Prof. Simon’s laboratory. 


A combined hydrogen and helium liquefier 1g 


The liquid-hydrogen vessel A and the helium vessel C are suspended in an 
uclosure £, which is surrounded on the outside by liquid air contained in the 
lewar vessel D. ‘The temperature of the liquid air can be reduced below its normal 
oiling-point by pumping off through the outlet tube g. When the whole apparatus 
as reached the lowest temperature obtainable with liquid air, the enclosure E, is 
yacuated with a high vacuum pump. 

High-pressure hydrogen enters the apparatus by the tube a and passes through 
e liquid air and the heat-exchangers to the expansion valve V where it ultimately 
quefies, and the liquid drops into the vessel A. The outgoing gas passes out 
rough the exchangers, so cooling the incoming gas. The gas leaves the apparatus 
y the tube 5 and passes ultimately through the flow-meter F, so that the rate of 
ow of gas can be measured. 


From helium-compressor From hydrogen 
cylinder 


(tee 
>> 


cleaner 


expansion 
valve V 

Hydrogen 
outlet 


ABABELLSEELET LURTLYT LULLEATERUEBENA 


Flowmeter 
F, 


hydrogen 
vessel B 


ina 
oO 
= 
i=] 
3 
° 
io} 
5 
a=} 
5 
g 
% 
o 
Lai 
NUEELURE CET. 


Hydrogen 
outlet 


7 


Flowmeter 


Fe 


WURSRREARER' 


From helium 
gasometer 


Figure 1. Simplified diagram of helium liquefier and external apparatus. 


The vessel C is filled with helium gas maintained at a pressure of 130 atmo- 
yheres. In order to cool this gas further, liquid hydrogen is condensed in the 
sssel B by admitting hydrogen gas to the.tube c so that it passes first through 
e liquid air and then through the liquid hydrogen in A, where it is condensed, 
1d the liquid drops down into B. 

When B is filled with liquid hydrogen at 20° K. the hydrogen inlet valve V;, is 
osed and the temperature of B and C is further reduced by pumping off through 
ie outlet tube d by means of the pump P,. In this way the temperature can 
> lowered to about 11° K., below the triple point, 14° K. of hydrogen. During 
whole of the cooling process, the helium vessel C is connected to the high- 
essure helium supply. Ultimately nearly all the hydrogen in B is evaporated and 
contains helium at a pressure of 130 atmospheres and a temperature of 11° K. 
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The helium inlet valve V, is then shut and the valve V, is opened slowly so that 
the helium in C is expanded. This adiabatic expansion process gives rise to a 
considerable cooling, and eventually the helium liquefies in C. At the conclusion 
of the expansion, C is filled about two-thirds full with liquid helium at 42° K. The 
apparatus on which measurements are to be made is situated in the inner en- 


closure F,. 


§3. COMPLETE DESCRIPTION OF THE APPARATUS i 


A complete diagram of the liquefier is given in figure 2, which is drawn to scale 
with the exception of the connecting tubes. | 
The apparatus is suspended from the upper brass cap J by the connecting tubes. 
The Dewar vessel D is joined to the cap by a rubber sleeve T with a packing of 
*felt F between the metal and the glass. The Dewar vessel is filled with liquid air} 
and can be pumped off through the tube g. Liquid air can be siphoned into the 
vessel from a storage flask through the tube m. | 
On account of the extremely low vaporization heat of liquid hydrogen and liquid } 
helium (roughly ;!; and ;1, respectively of the value for oxygen per cm?), it i \] 
essential to design the apparatus so that heat-conduction between parts at different } 
temperatures is reduced to a minimum. Thus all connecting tubes are made of ]f 
German silver and are as long and thin as possible. 
The outer vacuum enclosure F, consists of the cylindrical copper case Y,} 
soldered to the copper cap k, and similarly the inner vacuum enclosure consist 
of the case Y, soldered to the ring k, at the bottom of the helium vessel C. Sur-} 
rounding the helium vessel C and the inner vacuum enclosure is the copper shield } 
R which serves to prevent conduction of heat between the helium vessel and the} 
outer case by the residual gas in the outer vacuum space. Direct heat-conduction } 
between the parts at liquid-air temperature and the helium vessel must be entirel 
avoided, so all tubes must be in thermal contact with the hydrogen vessel A before} 
proceeding to the helium vessel. | 
High-pressure hydrogen comes in by the copper tube a and passes through the 
inner tube of the exchanger X, through the copper spiral S,, immersed in liquid 
air, through the inner tube of the exchanger X, in the outer enclosure E,, and so 
to the expansion valve V. The expansion valve may be adjusted by means of the 
external handle H. On leaving the vessel A the cold hydrogen gas passes through? | 
the outer German-silver tube of the exchangers X, and X,, and when it leaves they 
apparatus by the tube 0 it is almost at room-temperature. 
The inlet for the hydrogen which is to be condensed is at c. The gas 1s first 
cooled to liquid-air temperature in the copper spiral S, and then passes through 
the copper spiral S, in the liquid hydrogen vessel A, where it condenses and runs} 
down into the vessel B. The vessel B is provided with the outlet tube d so that ayy 
flow of gas can be passed through B. : 
High-pressure helium is led in by the tube e and is cooled to liquid-air tem} 
perature in the copper spiral S, and to liquid-hydrogen temperature in S;. It then 
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Figure 2. Complete diagram of liquefier. 
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passes through the German-silver spiral Sg, and through the copper spiral S, in ; 
the condensed-hydrogen vessel, to the helium vessel C. The same tube also serves }if 
as the outlet tube. ; 

To indicate approximately the temperature of the hydrogen-liquefier a small i} 
gas thermometer is employed. This is of the type used by Simon™ and consists }if} 
of a brass vessel G,, with a volume of about 1 cm}, soldered to the top of th 
liquefier. It is connected by means of a capillary tube to a dial vacuum manometer 
The thermometer is evacuated at room-temperature and filled with pure heliu 
to a pressure of about 1 atmosphere. Change of temperature of G, gives rise to 
change of pressure which is indicated on the manometer. The thermometer is 


| 
point of hydrogen, 20° and 14° K. respectively. A similar gas thermometer G) 
is used to indicate the temperature of the helium-liquefier. 


over-pressure) va the tube n. It is cooled first to liquid-air temperature and ther 
to hydrogen temperature, and on passing the helium-liquefier C it condenses and | 
runs down through the thin-walled German-silver spiral S, into M.* A shield }f 
prevents heat radiation from the external parts from reaching the specimen. If the }f/ 
thermal insulation of the specimen is good a temperature of 1° K. can be reached 
by pumping off the condensed helium. 


§4. EXTERNAL APPARATUS 


The helium necessary for the experiments is stored in an oil-filled gasometer. f 
The pressures necessary for the experiments are obtained by using a small com 
pressor. On coming from the compressor the helium is first passed through an} 
oil-trap, figure 1, and is then purified by being passed through activated charcoal } 
cooled in liquid air. To avoid waste of liquid air, the gas entering and leaving the} 
cleaner passes through a heat-exchanger. The charcoal is contained in a thick-}] 
walled metal cylinder of volume 300 cm? Before the starting of an experiment it is 
heated to about 300° C. and pumped off for several hours. After leaving the cleaner 
the gas passes through a dust-trap and then to the apparatus. | 

Hydrogen is contained in a cylinder of volume 50 litres at a pressure of 200 § 
atmospherest and is purified by passing through a charcoal cleaner of volume # 
1 litre. The flow-meters F, and F, consist simply of a capillary tube with a watet 
manometer indicating the pressure-difference between the ends of the tube. 


* In figure 2 a capillary outlet tube o is shown coming from the helium condensation vessel M 
and passing up the central tube of the apparatus. It was included to assist the condensation of the 
liquid helium by allowing a small amount of gas to flow out during the condensation process. It has 
recently been found that its presence is probably not essential for the condensation. 


+ Itis, however, quite possible to use the ordinary storage cylinders of volume 25 litres at pressuré }} 
120 atmospheres. 
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The glass apparatus is not shown in the diagram. It consists of two mercury 
ondensation pumps for pumping the vacuum spaces and the condensed helium, 
ith liquid-air traps and discharge tubes..The pumps are heated by electric 
irnaces as it is of course very undesirable to have flames near an apparatus using 
ydrogen. There are two flasks of volume 3 and 5 litres respectively which can’ be 
xhausted by the pumps and filled with pure helium from the helium circuit. This 
elium is admitted to the vacuum spaces to give thermal exchange when desired, 
nd is used also as a supply of helium for condensation in the vessel M. There is 
lso a mercury manometer for measuring the vapour pressure of the helium con- 
ensed in M. 


§5. DIMENSIONS OF THE APPARATUS AND 
CONSTRUCTIONAL DETAILS 

As it is impossible to show the dimensions completely in a diagram the more 
nportant details are given here. The hydrogen vessel A is turned from solid copper 
nd has a wall thickness of 2 mm. The spirals S, and S; are of copper tube having 
n external diameter of 3, in. and a wall thickness of ., in. After the spirals have 
een mounted in the vessel A the flat annular top is placed in position and silver- 
sidered in. The volume of the vessel is 75 cm? The helium vessel C is turned from 
lid phosphor-bronze, though copper could be used equally well. The external 
alls have a thickness of 4 mm. and the internal walls 2 mm. The annular top is 
lver-soldered in. The spiral S, is of =2,-in. copper tube. The vessel B is beaten out 
f copper sheet and soft-soldered to C. Further details of the tubes are given in 
1e following table: 


: External Wall- 
Tube Material diameter thickness 
ail German silver I cm. o'l mm. 
Se 55 ci 4mm. o-5 mm. 
So Copper 75 in. 3y in. 
Sy - ¢ in. as in. 
S, 2°5 mm. o°5 mm. 
Ss German silver 2°90 mm. o'Il mm. 
e 56 “ 4mm. 0:5 mm. 
d* ss o 4 mm. o'2 mm. 
nt 5 * 4 mm. o'2 mm. 
Gc aA af 2mm. 0:2 mm. 
b 3 - 8 mm. o'r mm. 
GmG, is a 0-7 mm. o'2 mm. 
1 ”» »” 5 mm. o's mm. 
xt pee 4mm. | 0-3 mm. 


* The portion of d adjacent to the hydrogen vessel A is of ;3;-in. copper tubing and is soldered 
+ The portions of m passing the vessels A and C and soldered thereto are of j;-in. copper 
Eine internal tubes of X, and X, are of copper, diameter 2°5 mm. and wall-thickness 0-5 mm. 
The exchangers are constructed by placing one tube inside the other and then 
inding the two tubes into the spiral form. The valve V is turned from solid brass 


id the spindle is of solid steel of diameter 3 mm. The outer tube / which has to 
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support the high pressure is of German silver with a diameter of 6 mm. and wall- | 
thickness of 1-0 mm. The construction of the valve at the upper end of the spindle ]f 


is similar to that of the ordinary high-pressure valve. The valve is made tight with 
a packing consisting of a mixture of graphite and lead. In the external hydrogen ‘ff 


and helium circuits the tubes used for the high pressure are of copper, with a jj 


diameter of } in. or 2; in. and a wall-thickness of ; in. For the low-pressure jf 


circuit, tubes of composition alloy having an internal diameter of 3 in. are employed. } 

In the construction of the apparatus each part is tested in turn for strength and } 
absence of leaks with hydrogen gas at suitable pressure. | 

When the vessels A and B have been constructed and tested they are mounted |} 
on the central tube f, the caps k and J are assembled on the tube, and the con- 
necting tubes and spirals are then soldered in position. Soft solder has been used 
for nearly all the joints. : . | 

When the apparatus has been completed it is rigidly clamped by the upper cap J 
and the various connexions are made to the hydrogen circuit, the helium circuit 
and the glass apparatus. The upper end of the central tube f is closed with a glass 
tube p. All glass-metal joints are made with vacuum wax and all such joints are 
kept as far away as possible from the liquefier so that they may not crack during the 
cooling of the liquefier. 

The case Y, of the enclosure E, is soldered to the ring k, with Wood’s metal, 
and similarly the screen R is soldered to the hydrogen vessel A, and the case Y, is 
soldered to the cap k,, Wood’s metal being used. When changes have to be made in 
the experimental apparatus in the enclosure E£, it is only necessary to unsolder these 
three Wood’s-metal joints. 

As copper sheet is often not vacuum-tight, all large metal surfaces, such as the 
vacuum cases Y, and Y,, are covered with a thin layer of tin solder. 


§6. OPERATION OF THE LIQUEFIER 


A description is given here of the operation of the liquefier during a typical 
experiment. When the hydrogen and helium cleaners have been heated and 
pumped out for 1 or 2 hours they are cooled in liquid air and filled with compressed 
hydrogen and helium respectively. The hydrogen vessels A and B in the liquefier 
are pumped out and filled with pure hydrogen to a pressure of 2 or 3 atmospheres: 
The helium vessel C is pumped out and filled with compressed helium. The vacuum | 
spaces E, and £, and the helium condensation space M are exhausted. The glass 
apparatus is pumped out and the 5-litre flask is filled with pure helium to a pressure 
of 2 atmospheres. The readings of the gas thermometers are taken. The cooling is 
now started and the following sequence of operations is carried out. 

ohr. The Dewar vessel D containing liquid air* is put on the apparatus. 
Helium gas is now admitted to the enclosures E, and E, toa pressure of about I cm. 
This gives thermal exchange between the inner parts and the outer case. 

o hr. 40 min. The Dewar vessel is pumped. 


* Liquid oxygen is generally need in this laboratory, but liquid air 
ferable if they were available. me ea ease 
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t hr. 15 min. The whole apparatus is now at 70° K. The outer vacuum space 
is pumped to high vacuum. 

/t hr. 20 min. The expansion valve is opened and the hydrogen flow is started. 
e pressure of hydrogen used is 150 atmospheres. The valve is adjusted to give 
ow of 70 litres per minute. The temperature falls rapidly. 

1 hr. 24 min. Hydrogen begins to liquefy at the valve. Vessel A is now at 
_K. The hydrogen flow is reduced to 30 litres per minute as with a greater flow 
exchanges are inefficient. From time to time liquid air is admitted to the Dewar 
sel through the siphon. The level is always kept near the top of the Dewar 
el. 

I hr. 34 min. Regular oscillations on the flow-meter F, show that the vessel A 
ull of liquid. The cooling of the vessels B and C is now started by admitting 
lrogen at a pressure of about 3 atmospheres to the vessel B. The hydrogen 
idenses in passing the vessel A and the liquid falls into B and evaporates again. 
e cooling is assisted if the outlet tap T, of B is partly opened so that there is a 
v of about 2 litres per minute through the vessel. When the temperature is 
ut 40° K. the tap 7; is closed. 

't hr. 43 min. The temperature of B has now reached 20° K. and liquid begins 
ollect in B, the pressure being kept at 3 atmospheres by adjusting the inlet 
re Vi). Helium is slowly compressed into the vessel C. 

lx hr. 54 min. The vessel B is now full of liquid. This is shown by the fact that 
ne inlet valve V,, is closed completely the pressure remains at 3 atmospheres. 
ium is still slowly compressed into C and the liquefaction of hydrogen in A is 
» continued until the hydrogen-liquefier A is full, and the liquefaction is then 
ped. The helium pressure is now 130 atmospheres. 

2 hr. 10 min. The pumping off of the condensed hydrogen by the rotary pump 
s started. 

2 hr. 16 min. The hydrogen in B has reached the triple point 14° K. The 
aping of the hydrogen vessel A is started using the pump P,. 

2 hr. 30 min. Hydrogen liquefaction in A is restarted. 

2 hr. 40 min. A is full of liquid and the flow is stopped. 

B hr. 5 min. Nearly all the hydrogen in B has now been pumped away and the 
perature is about 11° K. The helium pressure is 120 atmospheres. The inner 
tosure E, is evacuated. The helium is now ready for expansion. The helium 
t valve V, is closed and the helium condensation vessel M is connected with the 
‘re flask. The helium outlet valve V, is slowly opened so that the expansion of 
helium in C is started. During the expansion the taps 7; and T, on the outlet 
a the vessels A and B are closed. 

3 hr. 14 min. The expansion ends. The eeseel C now contains liquid helium at 
mc. ‘The tap T; is opened again. 

3 hr. 17 min. 1-5 litres of helium gas have been condensed in M. This is about 
cm? of liquid helium but is sufficient for cooling the average experimental 
simen. It would cool 50 kg. of copper from 4° to 1° K. The pumping of the 
id in M with the high vacuum pump is now begun. 


«lees 
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3 hr. 22 min. The vessel M and the specimen K have now reached a stead 
temperature of 1°3° K. and the low-temperature measurements can begin. Th 
temperature is indicated by the vapour pressure of 1-5 mm. which is read on th 
mercury manometer, 

4 hr. 10 min. The helium liquefier is now empty and begins to warm slowly. 

It is convenient and economical to make several expansions in succession. / 
5 hr. 40 min. a second expansion and at 8 hr. 10 min. a third expansion could I b 
made. At each expansion the liquid helium in C generally lasts for 1 or 2 hour 
depending on the amount of helium which has been condensed in M,* and this 
sufficient for most experiments. If it were desired to make experiments for long 
times than this it would only be necessary to increase the size of the vessel C's 
that a greater quantity of liquid could be obtained. The size of the vessels A andB 
would have to be increased in proportion. It is important that the ratio of the siz 
of B and C shall be calculated correctly so that the correct amount of hydroge 
for cooling the helium in C may be contained in B. 

It is not always necessary to use condensed helium for cooling the specimen k 
indeed, for many electrical or magnetic experiments it is sufficient to fix the specimé 
in thermal contact with the helium vessel C and the temperature can be lowered 
necessary to 2° K. by pumping out this vessel. With this arrangement it is n 
necessary to have even an inner vacuum enclosure. 

Sometimes it is more convenient to suspend the specimen in the inner enclosut 
and to cool it with exchange gas or, of course, the specimen can be enclosed in 
copper or glass vessel and cooled in that way. Cooling with exchange gas is n 
very satisfactory if calorimetric experiments are to be made, as the gas has to | 
completely pumped away before the experiment is started and this may take 
considerable time. 

For three expansions the total quantity of liquid air required for the liquefit 
and the cleaners is about 16 litres, and 6 cubic metres of hydrogen are needed. Th 
greater part of the liquid air (g litres) is used for the cleaners. 

Improvement in the performance of the liquefier could have been obtained k 
increasing the total length of the apparatus so as to increase the length of th 
connecting tubes and thus reduce the rate of evaporation of liquid hydrogen af 
helium. | 

When once the initial difficulty of handling the apparatus had been overcon 
it was found possible to make low-temperature experiments regularly and satis: 
factorily with this liquefier, and calorimetric measurements have recently bet 


made with it on liquid and solid helium. These will be described in a lat 
publication. 


* For every cm? condensed in M about 4 cm? of liquid are evaporated from the liquefier 
The additional 3 cm® represents the amount necessary to cool the incoming gas. 
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ABSTRACT. The absorption spectra of the vapours of SCI,, S,Cl,, SOCI, and SO,CI 


have been investigated in the visible and ultraviolet regions, and the continuous absorp 
tions observed are correlated with photodissociation processes. 


Sz INLRODUCTION 


state”), The measurements do not, however, enable one to correlate th 

energies of dissociation with the regions of selective absorption, for tw 
reasons: (1) it cannot be ascertained whether the maxima are envelopes of a ban 
system or represent true maxima of continuous absorption due to photodissociation} } 
and (ii) the long-wave-length limit of absorption, a knowledge of which is necessar 
for an understanding of the process of photodissociation, gives too small an energ 
value, owing, no doubt, to the great number of molecules in higher vibrationa 
levels of the ground state™. These difficulties can to a great extent be minimize 
by studying the absorption of the substances in the state of vapour, and such a 
investigation has accordingly been undertaken. Preliminary reports of the wor 
have already been published™. 


Ts E absorption spectra of these substances have been measured in the liqui 


§2. EXPERIMENTAL 


The substances were contained in a side bulb attached to the main apparatt 
consisting of the absorption cell of fused silica and the usual vacuum arrangemef 
with a manometer. ‘The vapour was introduced into the absorption cell after th 
apparatus had been exhausted, the apparatus being thoroughly washed man 
times before the final sample of vapour was taken. For work in the ultraviole 
absorption cells of lengths 5, 10 and 20 cm. were used with a hydrogen tube for th 
source of continuous spectrum and a quartz spectrograph of medium dispersior 
Copper arc lines were utilized for standard wave-lengths. For the visible region 4 
glass tube of length roo cm., to the ends of which were sealed plane glass windo 
was used as the absorption cell; the continuous source was a gas-filled 8-volt bulb | 
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Figure 1. SCl, (ultraviolet). 


Figure 2. SCl, (violet). 
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Figure 3. SCl, (green). Figure 4. SOCl,. 


i 
2618 2600 


ee 


2618 2580 
Fi 
igure 5. SO,Cl,. Inet ©, SCN). 


In each i 
ch figure the lower curve represents the light source and the upper curve indicates the absorp 
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1g a straight filament which during the exposure-time was run on a constant 
ge of 10. The resolving instrument was a Hilger constant-deviation glass 
trograph. The necessary standard lines were given by the helium-plus-mercury 
1arge tube. The plates were measured on the recording photometer; the long- 
-length limits and the positions of the maxima of absorption were determined 
| the microphotometer plates. All the substances have a great tendency to 
pit SO, bands in absorption, but this tendency was minimized by careful and 
ated washing of the apparatus with the vapour, distillation of the liquids in 
vacuum, and the use of glass needle valves after Bodenstein‘. Some of the 
Ss, especially those for SCl,, showed bands which did not completely agree in 
arance with the well-known absorption bands of SO,. Actual measurement 
analysis, however, have convinced us that all these bands, some of which have 
yreviously been classified, are to be attributed to SO,; and the results of the 
7sis will be recorded in a separate communication. 


§3. RESULTS AND DISCUSSION 


‘he absorption by sulphur dichloride is continuous and exhibits three maxima, 
ill be seen in the microphotometer plates, figures 1 to 3,.and in the diagram, 
e 7. Starting from the short-wave side, we find the first absorption region 
out go A. from A 2350 to A 2260 with a maximum at A 2280. The second region 
pies about 320 A. from 4 2770 to A 2450, with a maximum at A 2610. The 
awning of the third absorption appears to be at A 4550 on a Wellington anti- 
n plate in the quartz spectrograph, but at A 5825, with a definite inflection at 
)5, on a panchromatic plate in the glass spectrograph; this absorption has a 
mum at A 3860 and ends at A 3700. It is found that Cl,O shows two corre- 
ding maxima, one due to the photodissociation into ClO+ Cl, the other into 
)*+Cl, the energy-difference between the two being 2800 cm! The energy 
citation of SCI should be slightly less than this value. The difference between 
65 and 5825, which is 2193 cm-1, may therefore roughly represent the difference 
een the two long-wave limits of the photodissociation processes corresponding 
ose of Cl,O mentioned above. Since, however, real maxima could not be 
d, and the absorption curves of many substances show a lengthening on the 
-wave side, due evidently to losses by reflection very similar in appearance to 
urve in figure 7, we prefer to take A 5165 as the real long-wave limit of the 
process of photodissociation of the SCl, molecules (SCI, > SCl+ Cl). Even if 
5, and not A 5165, represents the energy of the photodissociation, the difference, 
cm-1, is well within errors of computation. 

‘hionyl chloride, SOCI,, figure 4, shows one region of absorption of width 
\., from A 2900 to A 2400, with a maximum at A2450. Sulphuryl chloride, 
‘l,, figure 5, gives one continuous absorption starting from 2600 A., with no 
mum within the limit of the quartz region. Sulphur monochloride, S,Cl,, 
e 6, has an absorption region of 380 A. from A 2770 to A 2390 with a maximum 
2580. The data are collected in table 1. 


s 
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All these regions of continuous absorption are due to transitions from th 
normal states of the molecules to various excited repulsive states. The breadth 
the absorption region is a measure of the steepness of the repulsive curve. 
steepness increases from SCI, to SO,Cl, in the order given in the table. With t 
exception of SO,Cl,, where the region of absorption appears to be very extens 
the repulsive curves are relatively flat and the agreement between the comput 


Distance (mm.) 


al ip 
ae 5015 4922 4713 
Wave-length (A.) 


Figure 7. Showing the distance between two curves of figure 3, for SCl,. 


energy of dissociation and the long-wave limit clearly indicates that the photoly 
processes involved produce unexcited dissociation products, with the excep i 
of the absorption at A 2350 in the case of SCl,. Similar agreement obtains also | 
SO,Cl,, which shows that although the repulsive curve is relatively steep t 
products of dissociation are unexcited. The observed maxima represent the m¢ 
probable values of the kinetic energy of the products of dissociation, indicated | 
the relative positions of the curves in the Franck-Condon diagram. 


Table 1. Wave-lengths (A.) of the beginning a, maxima b, and ends ¢ of t 


kcal./mol. 


I II Ill IV 
a b a b c a b c a b c 
SCI, 5825 5165 | 4550 3860 3700 | 2770 2610 2450 | 2350 2280 226 
(48°5) (55°4) | (62°4) (104) (122°4) 
S.C, 2770 2580 2390 
(104) 
SOCI, 2900 2450 2400 | 


2600 continuous > 


ee (108:6) 
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he thermochemical values given in table 2 represent the heat of formation 
the constituent atoms in the gaseous state and are obtained in the usual way 
data given by the Landolt-Bérnstein Tables. For the energy of dissociation 
we do not use the value 102-6 kcal./mol. determined‘ by predissociation in 
and spectrum of S,,* but prefer to calculate it from the point of convergence 
e absorption bands (B *X<x*Z) which has been directly observed® at 
o+1000 cm: Deducting from this the energy, 9240 cm<1, of excitation of 
ate of sulphur we obtain 30,760 + 1000 cm: or about go kcal./mol. as the 
y of dissociation of S, into two unexcited S atoms.t 


Table 2 
S$+20 =SO, +248 kcal./mol. 
$+2Cl => Cla ak23 5 
$+0+2Cl =SOCI, +215 is 
25 +2€1 =8,.Cl, +185 5 | 
$+20+2Ci=SO,Cl, + 317 “a 
$+30 =SO, +330 A 


he value for SCI, appears to be slightly less reliable. 
he long-wave-length limit of SO,Cl, gives 108-6 kcal./mol. and the difference 
een the heats of formation of SO,Cl, and SOCI, is 102 kcal./mol. Since it is 
- possible to follow the long-wave-length limit right up to the point where the 
icts of dissociation have zero kinetic energy, the agreement is very good. So 
ibsorption at A 2600 represents the dissociation of SO,Cl, into unexcited 
i, +O. The maximum of absorption is evidently below the quartz region and is 
jifferent position from that of the other substances. 
Il the other substances exhibit a common absorption in the region between 
o and A 2go0. It is not possible to explain away this common absorption as 
0 a common impurity; this is clearly shown by the absorption curves for the 
{ state, where the maximum for each substance represents a higher value of 
bsorption coefficient than could be yielded by an impurity. Again, it is un- 
nable to attribute the common absorption to different processes of photo- 
ciation in different molecules. It is true that the positions of the maxima and 
long-wave limits are not exactly identical, but the differences are clearly due 
fact that, as we now know, the law of pes, in the case of bond energies 
= only in zeroth roast ET , and already the differences in the 
ive forces in the different molecules spoil the exact operation of this law. 
is absorption has to be taken as characteristic for each molecule. Since only 
Cl linkage is common to all these molecules, it is this that is involved in this 
ption. Further, for the following reasons, this continuous absorption must 
the splitting off of the Cl atoms. The long-wave limits of the maxima 
s directly values of about 104 kcal./mol. for S,Cl, and 97 kcal./mol. for 


inear extrapolation of the vibrational levels of the S, molecule will give too high a value for 
3sociation energy on account of the existence of perturbations in a number of these levels. 
sociation data also naturally yield values that are too high. 
This point is discussed in greater detail in a forthcoming paper by one of us. 
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SOCI,. If only one Cl were split off, the removal of the second Cl would fu tl 
involve nearly the same energy-change, if not a slightly greater one on account 
the repulsion of the two Cl atoms. On this basis, therefore, about 200 keal./m 
would be used up for the two SCI bonds; and since the atomic heats of format 
for SOCI, and §,Cl, are 215 and 185 kcal./mol., only about 15 keal./mol. would 
left over for the S=O bond and none at all for the S=S bond. This is obvio usly 
impossible. If, however, we deduct 97 kcal./mol. from the energy of formati 
of SOCI,, and 104 keal./mol. from that of S,Cl,, there remain 118 kcal./mol 
the double bond in SO and 88 kcal./mol. for the double bond in SS. From bar 
spectrum data we obtain, for the SO bond, 117-6 kcal./mol. for the ground st 
of SO“, and go kcal./mol. for the SS bond as was shown above. The agreement 
very good. We have further evidence in favour of this view. This difference 
102 kcal./mol. between the energies of formation of SO,Cl, and SOCI, indica 
that the energy of this double bond in the diatomic molecule still prevails as t 
bond energy in the polyatomic molecule, modified rather than changed by | 
difference in the forces of repulsion. This is so because the electronic configurat 
of a diatomic molecule of the type SO, S,, etc. need not suffer any change when} 
molecule becomes polyatomic, the diatomic molecule already possessing two f 
valencies in the ®X ground state. Again, half the atomic heat of formation of S{ 
namely 124 kcal./mol., is about equal to the above value of 118 kcal./mol. for 
double bond in SO. But the difference of 88 kcal./mol. between the energies 
formation of SO, and SO, gives a considerably smaller value for the third bond 
SO,;. In any case it is clear that the common absorption region certainly correspot 
to the splitting off of both the chlorine atoms in these molecules. 
This view is further corroborated by the absorption spectrum of SCl,. Inf 
case the absorption on the long-wave side corresponds to the splitting off of 0 
Cl atom, and the second one, therefore, to the splitting off of the second Cl 
addition to the first. As there are only two bonds, no other explanation is possi 
if the common absorption is to be properly correlated. Indeed the value § 
kcal./mol., which is obtained from the long-wave limit A 5165, is near to half 1 
total energy of formation of SCl,, namely 61-5 kcal./mol. The value 123 kcal./m 
is, as has already been stated, a rough one, for here the original measurements ff 
which it is derived are obtained by indirect experiments which in reality give 1 
heat formation of SCI, in solution with S,Cl,. The long-wave limit at 29 
ie. about 104 kcal./mol., represents the splitting off of the second Cl atom also 
The absorption beginning at A 2350 has to be correlated with the dissociat 
into at least one excited product. The repulsive curve in this case is very f 
because the width of the region is small and, therefore, indicates that it does I 
run down to the ground level of the separated system of unexcited products. 1 
energy-difference of the two long-wave limits, A 2350 and A 2770, is 6450 cmz) 
correlate this region of absorption to the process of dissociation of SCI, ilo | 
2Cl+S ('D). The energy of excitation of this 1D state is about 9240 cm:* Th 
agreement is not satisfactory, but better agreement is rather difficult to expect 
view of the facts that the two repulsive curves obviously do not run parallel, tl 
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long-wave limit is never well defined, and that the difference in energy which is 
ag sought is in itself small. 


§4. OPTICAL VALUES OF BOND ENERGIES 


The values of the bond energies derived from optical measurements here and 
where are given in table 3. 


Table 3 
: . Snes Bond 
Number of Designation Derivation enor 
bonds of bonds of bonds eal Gah 
Two SC Si Cll 104 
Two S—Cl SOCI, 97 
Two Cl SCl, 104 
One S—Cl SCl 55°4 
One »—O SOC], 118 
One S=O SO* 117°6 
One S=O) SO,Cl, 108°6 
One S=S SHO 88 
One S=S San go 


* ‘Taken from band-spectrum data. 


On account of the forces of repulsion, the energy of the SCl bond should indeed 
ower in SOCI, than in S,Cl,, and lower for the second than for the first bond in 
l,; and the energy of the SO bond should be lower in SO,Cl, than in SOCI. 


§5. CONCLUSIONS 


The following observations upon the work which has been described will 
haps not be out of place. 

(i) The first process of dissociation of SO,Cl, concerns the splitting off of an O 
not a Cl atom in spite of the fact that the double bond of O represents a higher 
rgy than that of the single bond of Cl. This is probably so because the oxidation 
3O0Cl, into SO,Cl, involves the activation of the two original s electrons of 
vhich still form a repulsive group in the tetravalent sulphur. Therefore this is the 
- loss which occurs to SO,Cl,. The low value of the third SO bond in SO, might 
. be connected with this phenomenon. As in CO,”, the ground state of the 
magnetic SO; molecule does not originate from O (?P) plus the ground state of 
diamagnetic SO,, but from an excited term of SO). 

(ii) The energies per bond remain rather constant in all these molecules. 

(iii) In SCl, we observe two different processes of photodissociation whereby 
first link and then the second link undergoes fission, as in Cl,O. In SOCI, 
S.Cl,, in which all the four p electrons of S share in the linkage, the first photo- 
> process breaks up both SCI links. A process in which only one Cl atom is 
t off does not occur, or rather occurs with such low probability that the corre- 
nding absorption cannot be found; otherwise these substances would be 
mgly coloured like SCl,. 
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(iv) We have assumed in this paper that the structure of the molecules cor 
sponds to the classical formulae such as 


cl mel GA Ky oe 
s. . 0286 2 SS SC 
"Sa Na’ i of 


each bond representing a pair of electrons, one belonging to each atom. Ot 
formulae implying semipolar double bonds and singlet linkages have been bas 
on the measurements of the parachors of these substances, but recently it has be 
shown that molecular parachors do not provide diagnostic information w 
regard to the nature of the linkage in such cases. On the other hand, the Ram 
effect establishes “*) the validity of the above chemical formulae, and the fact tl 
the bond energies remain nearly unaltered in these molecules, as has been sho 
above, as well as in related ones like SO, S,, SOg, ete., is entirely consonant w 
this view. 


or) 
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STRACT. The effect of a number of glare sources on indirect vision, 5° above the 
2a, is shown to be equal to the sum of their separate effects, the criterion of equality 
ag that the equivalent background brightness of all the sources measured together is 
same as the sum of the equivalent background brightnesses measured separately. 


SL NRO DUCA ON 


a the field of view of an observer upon the brightness difference threshold is 
eeeevalent to that of a uniform background of a certain brightness given by 


p= a Sih 2a Ot ie AN angen hd (x), 
bee f is the equivalent background brightness, F is the illumination at the eye of 
iobserver due to the glare source, @ is the angle subtended at the eye between 
€ source and threshold test area, B is the actual background brightness and k 
‘mare constants. k and m have approximately the values 10 and 2 respectively. 
laday further showed that, if a number of glare sources were visible in the field 
iew, the total effect was equivalent to a background brightness given by 


p= b(git get. +5 ) 
re suffixes I, 2... p refer to the several glare sources. Holladay’s work on these 
its was done with a test spot of maximum diameter 0-47° centred at the fovea of 
observer's eye. The type of vision concerned was therefore purely foveal. 
ger test spot, even though centred at the fovea, may give results showing a 
cure of foveal and parafoveal types of vision. 
n the extension of the equivalent background brightness formula to the 
ral case, in which the test spot may fall on retinal areas other than the fovea, 
of the steps is to show that the summation expressed in equation (2) 1s valid for 
| areas. In the present communication this is demonstrated for a small test area 
1e retina 5° above the fovea. Distance and direction relate to the external field 


ew. 
| §2. EXPERIMENTAL CONDITIONS 


Che following arrays of glare sources were used. (a) A circle of twelve equally 

ed glare sources centred at the test spot and of radius 3-05°. The glare sources 

small 4-volt 2-watt lamps, the current through each being adjusted so that 

‘candle powers were very nearly equal. (0) A circle of glare sources similar to 
3-2 


f iis been shown by Holladay and by Stiles that the effect of a glare source | 
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(a) but of diameter 14:6°. (c) Twelve glare sources arranged in a spiral of one tu 
the distances of the sources from the test spot increasing from 1-03 to 19°7° ina 
geometric series. Each glare source was adjusted in intensity so that it gave ap- 
proximately the same equivalent background brightness at the test spot. That is, 
the intensity of each glare source was inversely proportional to the square of its 
angular distance from the test spot. ; 

In all cases the background brightness under glare conditions was zero. 


§3. EXPERIMENTAL PROCEDURE 


With each of these arrays of glare sources the equivalent background brightness 
of the sources was measured separately, and then the equivalent background of the 
whole array was determined. The latter value should equal the sum of the indi. 
vidual equivalent backgrounds if the summation law holds. 

The determination of an equivalent background involves a measurement of 
threshold under the glare conditions and a measurement of the background bright. 
ness giving the same threshold. The latter is most easily obtained from a curve of 
threshold against background brightness. To supply these data, readings were taken 
according to the following plan: (a) one threshold reading for each glare source 
taken separately in a random order; (6) six threshold readings for the whole array 
of glare sources; (c) six threshold readings for each of a series of four or five 
background brightnesses covering the necessary range; (d) a repetition of (6). 

All threshold readings for this work were taken with the brightness difference 
threshold meter described by Crawford and Stiles. The test spot in this instru 
ment is exposed for a short flash of duration 1/400 second; its diameter is ap 
proximately 0-05°. 


a 


So RESULTS 
The table shows the results obtained. 


Table 1 
Sum of equivalent : 
Glare- bacaroants for each Equivalent back- 
source Observer lamp measured ground for all lamps | Difference | 
array separately measured together per cent 
(candle/ft?) | (candle/ft*) 
(a) 18}, BL © “1038 5 
(a) F.W.C 137 eA He: 
(0) 18}, dish, (Co 036 ‘047 —23 
(0) Bawae: 046 ‘039 +18 
(c) Baia 2027 ‘027 a 
(c) F. W. C. ‘O19 ons sa 
(c) LaWee "026 028 ae 
(second series) 
(c) (ond Bi _ -030 oe fe 
i Mean difference + 3 
Mean error +15 
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These results may be taken to demonstrate the approximate validity of the 
litive law. Each pair of figures given is the result of two to three complete runs 
en within a few days of each other. It would appear that an observer may some- 
ies show a consistent difference between equivalent background brightnesses 
ermined separately and collectively, but on the average of all the results the 
ference is negligible. 
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ABSTRACT. Recent data on the sensitivity to saturation-differences have been corre 
lated with the complementary colour-mixture data for the same observer. The experi 
mental results are discussed on the basis of the three-component theory of Young an 
Helmholtz, and an attempt has been made to explain them by applying Weber’s law to th 
component colours of the theory. 


§1. INTRODUCTION 


Dr L. C. Martin, Mr W. J. Morgan and the author, a preliminary account wa 

given of some experimental work on the sensitivity of the eye to differences in th 
saturation of colours. The work has since been completed by the same workers an 
a full experimental account has been published by the Medical Research Council 1 
their Special Report Series”. In neither of these papers has more than a brie 
account been given of the theoretical aspects of the work. In the present paper th 
results are discussed on the basis of the Young-Helmholtz theory. _ : 

In investigating the sensitivity of the eye to saturation-differences two mail 
methods of approach were adopted. In the first the total number of perceptible 
steps between each of a number of pure spectral colours and white was determined 
either by adding the colour to white step by step until the mixture contained onh 
spectral light, or vice versa. In this way the colorimetric purity of each step can b 
obtained as follows. If Lg is the luminosity of the colour, 


Lo=Lg+Ly; 


where Ly is the luminosity of the spectral component and Lyy that of the white. 

Then the colorimetric purity p=Ls/Ly. This method gives a fairly accurat 
measure of the total number of steps between each spectral colour and white, and¢ 
somewhat less accurate measure of the variation in the size of the purity-discrimina 
tion limen Ap with colorimetric purity. The relation between the total number 6 
steps and the wave-length is shown in figure 1. 

In thesecond method the colorimetric purity of the colour just discriminable from 
white for each hue has been determined with a considerable degree of accuracy by 
making a large number of successive determinations. The results have been givel 
by plotting L¢’/Ls for this colour against the wave-length A, figures 2 and 3. 


[: a paper presented at the Physical Society’s discussion on vision” jointly b 


ae 00: 
fom 0250) O55 0°60 0-65 0°70 0-45. O50 0°55 0:60 0-65 0:70 


Wave-length (.) Wave-length (.) 
Figure 1.* Figure 2.* Variation of Lg’/Ls with wave- 
length. Eyes dark-adapted. 
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Figure 3. Variation of L;’/Lyg with wave-length. Eyes light-adapted. 


* From a paper in the Discussion on Vision, pp. 98, 99. 
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The observations were made with the eye both in the light-adapted state and tl 
so-called dark-adapted state. The most complete set of results obtained by the fir 
method related to the dark-adapted state, and the most complete set obtained b 
the second method related to the light-adapted state. 


§2. COMPARISON OF THE RESULTS OBTAINED 
BY THE TWO METHODS 


Both the curves relating the number of steps with and L¢’/Lg with A have bee 
taken as showing the relative saturation of the spectral colours. It is, therefor 


0-10 0-10 
0-08 0:08 
0-06 e 0:06F & 
s a 
0-04 0-04 F 
0:02 0-02 
0 0 
0 0-2 0-4 0-6 0:8 1-0 0-4 0:6 
Mean purity Mean purity 
Figure 4. Wave-length, 0:46..; Figure 5. Wave-length, 0°496p.; 
observer, F. L. W. ; Picea Fr LW. o' 


0 0-2 0-4 0-6 0:8 1-0 
Mean purity 
Figure 6. Wave-length, 0°65 u.; observer, F. L. W. 

Figures 4-6. Variation in size of limen with purity for different wave-lengths. 
peatey to consider the differences between them. The most striking difference 
the saturation for blue as given by L,’/Ls as compared with that given by the numb 
of steps. 
It may be mentioned that if the discrimination limen were the same for 4 
Dee Ae any given hue, the two types of curve would be the same. The reas¢ 
a the ifference must, therefore, be sought in the curves showing the relatio 
e . . 1 
ween size of limen and purity, figures 4, 5 and 6. These show for blue a gre 
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in the size of the limen with increasing purity, whether the results are 
ed by desaturating the spectral colour or by adding blue to white. For the 
-olours there is at first a slight increase followed by a decrease to the original 


e reason for this difference is obscure; it may possibly be due to eye-move- 
and lack of foveal fixation, which is very difficult for the blue as has been 
d out by Abney and Watson®. The fact that the rise is more marked for 
VI., who has a very small pigmented area, would favour this view. The total 
sr of steps for the extreme blue cannot, however, be very much in error, and 
-annot be the same difference between the ordinates for 0-46. and o-50p. as 
L,’/Ls curves, for otherwise the difference in the total number of steps be- 
white and 0-46. and between white and o-50yu., namely more than 40, would 
ater than the total number of steps between these colours on the spectrum 
namely about 15. If this were so, it would be possible to get fewer steps be- 
white and the extreme blue by first proceeding along the spectrum locus to 
1e green and then desaturating, and this is very unlikely to be the case. These 
erations thus point to a greatly decreased sensitivity in the neighbourhood 
saturated blue. This view would appear to be supported by some recent work 
idall® on the sensitivity to difference in hue at different saturations. He 
hat for hues corresponding to wave-lengths less than 0-49. the sensitivity 
through a maximum with decreasing purity instead of continually decreasing. 
fect becomes more marked with decreasing wave-length. The effect may be 
extra foveal vision always being used when these colours are viewed. 


IRRELATION WITH COMPLEMENTARY COLOUR-MIXTURE DATA 


Imholtz and others have suggested that the ratio of the luminosities in which 
lours mix to give white is the inverse of their relative saturations. The most 
ste set of data on the relative luminosities of such colours when mixed to 
se white is that due to Sinden”. By assuming that the saturation is practi- 
onstant in the yellow, he has used his results to give what he calls the relative 
ion of the spectral colours. The resultant curve is very similar to that ob- 
by plotting L,’/L, against A, and this suggests that the relative luminosities 
‘tral complementaries is proportional to the relative purities of those colours 
same hues which are just distinguishable from white. The only direct way of 
ing a precise comparison of the complementary-colour data with the dis- 
ation data is to use the former to obtain the values of L,’/L, for the red hues 
hose for the blue hues, or vice versa. This comparison is strictly valid only 
two sets of data refer to the same neutral standard and the same observer. 
sh data are available. In the absence of direct data similar to Sinden’s (that 
ay, data relating to what has been called the complementation valency), the 
ation can be obtained indirectly from the trichromatic coefficients of the 
11 colours and white, provided that the relative luminosities of the unitary 
i also are known. 
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The trichromatic coefficients of the spectral colours and white have bee 
tained for one observer (F. L. W.) and also the luminosities of the unitary st 


The 


Green coefficient 
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method used for both these sets of observations was identical with 


White point and 
first-step ellipse 


0-4 0-5 
Blue coefficient 
Figure 7 a. Colour triangle showing locus of colours just discriminable from white. 
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0°016 0:020 0-024 0:028 0-032 0:036 0-040 
Blue coefficient 
Figure 7 6. Locus of colours just discriminable from white on an enlarged scale. 


; 
described by W. D. Wright. For the purpose of determining the luminosil 
a large number of flicker matches and determinations of the red and blue correc 
factors were made, a high degree of precision in the results being thus ensuret 

By means of the above data, the units in which the unitary stimuli R’, G’ anc 
are measured can be transformed to the same photometric scale. One trichrom 
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vill then have the same photometric value for all colours. By the use of these 
cients for the spectral colours and white, the coefficients for the colours just 
minable from white can be directly obtained in photometric units, and the 
of these colours in the equal-brightness triangle can be plotted. This is found 
an ellipse with white at the centre. 

ternatively the coefficients so found can be transformed to any other units 
> the locus is plotted. When this is done the locus remains an ellipse, but the 
point is no longer at the centre. 

ith reference to the equal-brightness triangle, if m is the distance of a spectral 
t from white and p the purity of the colour of this hue just discriminable from 
, the distance of this latter colour from white is pm. If and p’ are the corre- 


25 


0°40 045 0-50 0°55 0:60 0°65 0:70 
Wave-length (u.) 
Figure 8. Variation of L;’/Ls with wave-length; mean logarithmic curve. 


ing quantities for the complementary colour, we have—since the colours just 
ninable from white lay on an ellipse— 
pm=p'n, 
m/n=p'|p. 
/n is the ratio in which these colours mix to produce white. ‘There is thus a 
€ correspondence between the complementary-colour data and the data con- 
g colours just discriminable from white. 
1e curves showing the relation between L,’/L,g and A for the observers L. C. M. 
.L.W. are so similar to those found by Priest and Brickwedde™ that after 
ion of their results by a constant factor, on account of their different field- 
-mean curve has been drawn for all four observers, as being a fairly near 
ich to the result for a mean eye. These results have been used to obtain a 
sr of points on the locus in the standard triangle of the colours just dis- 
able from white by a mean observer. The triangle used was that of the C.L.E. 
ittee on colorimetry with the appropriate luminosity factors. The result is 
in figure 9. The extreme eccentricity of the white is due mainly to the 
sity factors not being representative of the four observers used, but partly 
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to the fact that the white used by Priest and Brickwedde differs slightly fro | 
of the C.LE. The distance of many of the points from the curve is due to diffic 
in reading the correct value of Lo’/Ls from Priest’s curves, especially in the yel 
where it is changing rapidly with wave-length. 


0-839 


0-82 


Green coefficient 


0-006 * 0-008 0-009 0-010 0-011 0-012 0-013 
Blue coefficient 


Figure 9. Locus of colours just discriminable from white for a mean observer. 


§4. INTERPRETATION OF THE RESULTS 


Previous attempts to interpret saturation-discrimination by the three-compon 
theory have proceeded along two main lines. The commonest has been the ust 
the theory to obtain the absolute purity of a colour, together with the postulate t 
all colours just discriminable from white have the same absolute purity. This’ 
been carried out in the following manner. The general form of the theory st 
that the trichromatic coefficients of all colours can be transformed to a seta 
fundamental unitary stimuli R, G and B, for which the coefficients 7, g and } 
always positive. In this case 7, g and b are proportional to the values of the stia 
exerted by the radiation producing the colour upon three independent phy, 
logical mechanisms, thus all stimuli which have the same value of 7 excite the se 
response in the red receptor. 

If we draw a colour triangle using real unitary stimuli R’, G’ and B’, these th 
fundamental stimuli will have co-ordinates (p,, 71, 61); (Pe Y2» Be) and (ps, Yas 
If these points are then joined to form a new triangle, all physiologically poss 
colours must lie within this triangle, and therefore the colours lying along 
boundary are the purest obtainable; they may, therefore, be considered as hay 
unit absolute purity. If the point (pw, yw, Bw) representing white be given Z 
purity, then since any other colour can be considered to be the result of the mi 
of this stimulus and that corresponding to some colour on the boundary, the ab 
lute purity of such a colour will be given by ji 


P=Lpy/Le¢, 
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Ly is the luminosity of the boundary stimulus associated with a quantity of Lp 
lour having a luminosity Ly. 

the case where photometric units have been used for R’, G’ and B’, Newton’s 
colour-mixture gives, figure 10, 


Lp/Lo=WC/DW. 


e locus of colours of equal absolute purity is thus a triangle with its sides 
‘1 to those of the triangle RGB and with its apices on the lines WR, WG and 
[t is thus a triangle in any colour triangle. It has, however, been shown above 
‘¢ locus of colours just discriminable from white is an ellipse. There is thus no 
tion between absolute purity as defined above and the minimum perceptible 


G (P2, Ya Be) 


Pynna naan 


R (Ap Yr Br) 


B (3, ¥3, B3) 
Figure 10. Colours of equal absolute purity. 


netric purity, even in the case of complementary colours, which is considered 
cally below. 

s frequently assumed that when R, G and B are measured in photometric 
he coefficients 77, Zw and by of white are all equal. In this case the absolute 


Px of a colour X for which 7 is less than g or b is given by Px 
_bxy+gx—2rx ; 
P= le a (4:1). 
mmplementary colour Y may then have 0 less than 7 or g, 
=, Vy + gy ‘< 2by 4 P 
v= eae sae (4:2). Yy 


soefficients are those of unit equations 


Py _by+9x-2rx 
Py ry+gy—2by 


AL 


mI 
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On the other hand, if the complementary has g less than 7 or b, 


Py _bx+8x—2rx 
Py ry+by—2gy 


If these colours are mixed in the proportion of m units of X and n units of 
produce white: 
mrx+nry =mgx +ngy =mbx+nby, 
m (rx+gx) +n (ry +gy)=2 (mbx +nby), 
m (rx+x—2bx)= —n (ry +8y— 2by), 
%  Yatgx—2be te thea 2he keke 


m ry +gy—2by ry t+by—2gy &yt+by—2ry 


Hecht and other writers, between the absolute purity of complementary cok 
and the proportions in which they mix to produce white, and therefore there i 
connection with the just-discriminable colorimetric purities. 

The other method of interpretation of the results on the basis of the 
components theory rests on a suggestion of Helmholtz that colour-differel 


discrimination is, therefore, to be explained by applying Weber’s law in some f 
to the fundamental stimuli R, G and B of the theory. Weber’s law states that 
colours of moderate brightness the just-perceptible difference of intensity AL 
tween two colours is given by 


Riess constant (5° 
7 compan a 5:0 


case where a colour may change in quality as well as in intensity, we get 


ye e& z ; ~) =constant.. - | 3. an (5°1) 
Since there is to be a perceptible change when there is no intensity-difference, | 
terms in Ar, Ag and Ab must be of the second order. 


The simplest function is 


io ad (72) + (=) =Constant  " "aaa (5-11) 


discrimination, it should include the simple form of Weber’s law as a special cé 
This is, however, not the case with the above simple form, as the value of AJ 


is different for different colours". Schrédinger“” has, therefore, proposed 
formula 


I (Ar)? |, (Ag)? __ (Ab)? 
QT + A,8+a3b 1 


AF! ag us Fai | =constant cou (5°12), 
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does include Weber’s law as a special case. For all changes from a particular 


x (Ar)?-+y (Ag)?+2(Ab)?=constant =... (5:2), 


ver units are used for R, G and B. 
rious other formulae have been suggested“), but they all reduce to the same 
: form when 7, g and 5 are all large compared with Av, Ag and Ab. 
considering changes in colour alone this equation must be combined with 
ndition that there is to be no change i in brightness. Since the luminosity of 
Jour is given by 
Lo=Lpr+Leg+ Lz), 
dition is ; 
O=ALo=LgAr+ LgAg+ Lg Ab, 


; 15 1D 
a St, ee TAN ind Je ad ncn are (5-3) 
consider changes in all directions from white, these equations become 
x (7—Ty)*+y (g—gw)? +2 (b-by)?=0 aaa (5:21), 
(b—by) = —{, le (amt Lele ey) es (5-31). 


nsidered geometrically, equation (5:21) gives the locus in Lambert’s pyramid 
solours just discriminable from white, and equation (5-31) is the equation of 
ual-brightness plane through white. Their intercept gives the locus in the 
brightness plane of colours which can just be discriminated from white of the 
uminosity, and is an ellipse with white at the centre. When R, G and B are 
red in photometric units, this plane is also the unit plane and is the plane of 
it triangle. Hence the locus in the equal-brightness triangle of colours just 
ninable from white is an ellipse with white at the centre. In other cases this 
is not the unit plane; the locus in the unit plane is then the projection from 
igin, on to that plane, of the locus in the equal-brightness plane. This also 
- an ellipse, but the white point will no longer be at the centre since in the 
tion of a conic from a point not at infinity the centre does not project to the 
mitre. 

e theory is thus consistent with the facts of colour-sensitivity in the neigh- 
0d of white. A satisfactory explanation of the variation in sensitivity with 
has not proved to be possible. 
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TRACT. The eleven lines of the I+ spectrum which were previously analysed for 
ructure belong to the (4S) system. The analysis is now extended to the (2D) system, - 
en lines having been analysed and fine-structure interval factors found for twelve 
. This brings the known number of interval factors up to twenty-three. Large 
al factors are found associated with the 5d electron terms of both the systems. This 
related with observations in the Sn 1 fine structures, and it is shown that the large 
erval factors are due to perturbation by terms with large fine structure. Two types of 
rbation in the fine structures are observed. 


§x1. INTRODUCTION 


IHE author has already published measurements of the fine structures of the 
visible lines in the first spark spectrum of iodine“. At the time of writing 
only a partial analysis of the gross multiplet structure was available, Mura- 

®) being responsible for this classification. Eleven out of the forty-two lines 

¢ structures were recorded, were classified by Murakawa. From these lines it 
rroved that the nuclear spin of iodine is 5/2, this value being later confirmed 
analysis of the fine structures in the arc spectrum of iodine™. 

ecently a very thorough multiplet classification for I+ has been made by 

ute, who by employing the Zeeman effect classified over two hundred lines 

dentified fifty-four terms. The Zeeman-effect observations agree with the 5/2 
for the nuclear spin. Lacroute showed that the analysis given by Murakawa 

rect, and further that all the lines classified by Murakawa and analysed for 

trructure™ are lines in which both the terms go to the (4S) series limit. Amongst 
yrty-two previously recorded fine structures, fourteen lines have both terms 
ging to the (2D) series limit, according to Lacroute. No intercombinations 

en the (4S) and (2D) terms occur in the group of lines observed, so that a 

ate analysis is required in order to determine the fine structures in the (7D) series 

terms. The object of this paper is to give an account of the fine-structure 

sis of twelve of these terms. The line transitions studied are shown in figure 1, 

which it is seen that most of the terms are involved more than once. The 

rdance between the values of the fine-structure interval factors when calcu- 
from more than one line serves therefore as an indication of the reliability 
values found. 

YS. SOC. XLVIII, I 4 
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In. the (48) terms all the lines examined except one are transitions Eo ve 
5p?ns and sp*6p. The largest interval factor for a 5p* op term is 25 cm<1 X10 
whilst the two important s terms 6°S, and 7°S, have interval factors of 100 and: 
respectively. Hence a number of the structures are easy to analyse because t 
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Figure 1. Line transitions involving (7D) series limit terms. 


upper and lower interval factors have a large ratio. The (2D) terms are somewh 
different; most of the structures are irregular and imperfectly resolved. This is & 
both to the approximate equality of the upper and lower interval factors in mal 
cases, and to the fact that many of the lines lie in the blue, where the instrument 
resolution has fallen off. 


§2. OBSERVATIONS 


The measurements are taken from the author’s previous publication™. Sif 
new allocations are known, the structures of the lines which have been classified at 
also analysed are shown in table 1. The lines indicated by an asterisk are th 
analysed here, and in these both the terms go to the (2D) limit. The other lin 


involve the (4S) limit and have already been analysed, but are included to comple 
the table. 


§3. ANALYSIS 


It is apparent from most of the structures that the interval factors in both t 
terms of a line are of the same order, a fact which makes analysis difficult and 
some cases ambiguous. As the nuclear spin is 5/2, each line has a large number 
components, €.g. a frequently occurring transition for which A J =2 > 2 has thirte 
components, so that if the two interval factors are similar the blending can becof 


Fine structure in the (7D) series limit terms of the I* spectrum 
Table 1. Fine structures in the classified lines of the I+ spectrum . 
ve-length Classification Structure (cm 71 x 107%) violet 
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j Bea Net (raya) Gols Ge)) 1@)).G) 
632°4 6s °S, —6p 8P. © 399 695 928 1054 
esis oc). |) 
561:0* 5da°F,—-6p*Ds; O--------- 228 
(1) (4) 
544°3* 5d°D.-6p1D. © 240 373 685 
= OOM OMe) 
540°9* 6s ®D.—-6p °P. © I10 162 
‘a BAG) 8). 5G) 
188-8* 5d°D,-6p?D OneeL 7a O2 
Ore OO. 


+ Previously given as 56790 by mistake. 
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so serious that the interpretation is difficult. There are two lines in which tf 
resolution is good and in which the upper interval factors are reasonably sma 
compared with the lower term, namely A 6127-4 and A 5407°3. A6127°4 
6sD, —6p2D, and as the upper term has J =1 the line shows a simpler structu 
than A 5407°3, for which AJ =2 > 2. 

The analysis of this line, which has been carried out with a reasonable degree: 
precision, is shown in figure 2. The lower interval factor is 66-6, and although # 
upper is 28 the small value of J for the upper term produces a simplification in th 
pattern. Figure 3 shows the analysis of A 5407-3 and the agreement between tl 
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Figure 2. 46127°4. Figure 3. 45407°3. 


calculated and observed patterns is reasonably good. In both cases the dis 
crepancies are probably due to the difficulty of measurement. 
. It is important to notice that these analyses, which, as in the case of the (4S 
lines, have been carried out by the Fisher-Goudsmit method“, presuppose th 
validity of the interval rule. It has been shown in the previous work on the fin 
structures in the arc and spark spectra of iodine that perturbations occur in som 
terms, and this fact must be considered in dealing with the present case. If a teri 
is perturbed with a breakdown in the interval rule it is still possible to obtain al 
approximately correct value for the interval factor, but in the Fisher-Gouds ; 
diagram some components will be out of place. 

Owing to the incompleteness of the resolution of the structures and also to the 
probable occurrence of deviations from the interval rule occasioned by perturbation, 
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interval factors found for a given term vary somewhat when calculated from 
rent lines. In quite a number of the lines analysed a component was found to 
isplaced. The following examples show the degree of variation in the calculated 
val factors. Both A 6127-4 and A 5407-3 give 66-6 as the interval factor, hence- 
1 denoted by A, for 6s°D, and approximately the same value is found from 
578-0, 5338°2, 45409 which also involve this term. For the term 6p2F, the three 
AA 5678-0, 5216:2, 4806-4 give A as ~ 47, 40, 36 respectively. Thus 40 may be 
nh as an approximate value, the error being about 10 per cent. The values for 
tr 6p*D, given by A 5407-3 and A 4987-0 are both equal to 14. The line A 5338-2 
3 A= ~ 27 and X 4561-0 gives A =~ 22 for the term 6p°D,. The former value 
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Figure 4. Interval factors calculated for each line transition. 


isidered the more reliable, so that A is taken as ~25 for this term. One more 
ple will be quoted and that is the upper term 6p1D,, which has the largest 
yal factor observed for the (7D) terms. A 4675-5 and A 4544°3 both exhibit 
rately wide structures, and although the region is not one which gives very 
resolution with a silvered Fabry-Perot interferometer, the values found for A 
e term in question are g1 and 87 respectively. ‘The mean value, 89, is probably 
to the true value. : 
he three lines AA 6585-0, 6068-8, 5760-4 are of interest, for it was found im- 
ole to fit these into Fisher-Goudsmit patterns. All involve 5d°D, as the lower 
This lower term must therefore be very strongly perturbed. An approximate 
ate for A shows that it probably lies between 25 and 40. 

should be mentioned that a very faint component which had only been 
cted in A 5216-2 is probably non-existent, the analysis showing that it is 
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superfluous. It had been previously recorded as a line of strensth 1, only 75 u 
away from a line of strength 24. ‘ 

Figure 4 shows the line transitions which have been analyse ., and at the ends 
each line the interval factors calculated for that line are indicated. Line transiti¢ 


are only schematic and not to scale. 


§4. DISCUSSION OF RESULTS 


All the interval factors now known for the I+ spectrum are collected togethe 
table 2. The degree of accuracy is much higher in the (4S) terms than in the (7) 


values, which are fairly accurate. In the terms marked with a sign of approximat d 
the error may exceed Io per cent. | | 
Table 2. Interval factors in the I+ spectrum (cm +1 x 107%) | 


| 
| 


(8) { D) 

6s ®S. 100 6s °D, 27 

78 Sp 26 6s 3D 664 

6s 3S, 1 

78 *Sy Small 

6p Py 10 6p°P, ~ 50 

6p*P. ~ 20 6p1D, 89 

6p ®Ps Io 6p DY 28 

6p*Po ° 6p*D, 14 

6p °P, ~ 25 6p°Ds ~ 25 

6p*P2 II 6p? F, 40 

5@°D. 166 5d1D ~ 70 
5d°D, ~(?) 25-40 
5d*D, WP 
54°F, 14 


An important point revealed by the table is that many of the 6p and 5d electre 
terms have very large interval factors relative to those of the 6s electron term 
According to the usual assumptions it is not to be expected that the 6p and § 
electrons should be equal in penetrating power to the 6s electron, hence the in 
plication is that the 5p° group contributes to the value of the interval factor to 
appreciable degree. A similar effect was observed in the p4 groups of the iodine am 
bromine arc spectra. 

The difference between the 6p terms belonging to the (4S) and (?D) systems 
due to the rearrangement of the 5° group, and as there is a marked difference in the 
interval factors of the two sets of 6p terms it is apparent that the 5p? group makes 4 
important contribution. The electron coupling is partially jj, as is shown by th 
irregularity of the multiplets, so that 5, electrons will exist, and as a P elect 
may behave in a heavy atom as if it were partially penetrating, moderate large 


nuclear coupling can exist for the 5% group. Thus the experimental values for h 
6p terms fit in with expectation. 
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‘he most outstanding fact shown by the table is that most of the 5d electron 
sis have large interval factors, in fact the largest yet observed belongs to this 
ip. It is very unlikely that a 5d electron can exhibit even partial penetration. 
Ny if pure jj coupling is assumed there will then exist dsj. and dy. electrons, and 
dst the d3). electron will be comparable in penetrating power with a py. electron, 
# at the coupling will be very small. The large interval factors can be explained, 
ver, as a perturbation effect. There are two types of perturbation. In the first, 
ed by Shenstone and Russell’, two terms which are produced by different 
fron configurations, have the same L, SS, J, and are both odd or both even, can 
{ irb each other even if they are many thousands of cm?! apart. In a perturba- 
sof this type the wave functions characteristic of both the electrons mix, so that 
'e of the perturbing terms has a very wide fine structure associated with it the 


5 


q term partakes of this property and also acquires a wide fine structure, the 
7 depending upon the degree of perturbation. The interval rule holds accurately 
po perturbed fine structures, only the value of the interval factor being de- 
ined by the perturbation. The second type of perturbation, which-was found 
ipchiiler and Jones in Hg 1 and also occurs in the iodine arc spectrum, is due to 
jjiccidental close approach of two terms. In this type the fine-structure interval 
@/is broken in at least one of the terms if the values of J differ. 

The (7D) 5d°D, perturbation is doubtless of the second kind, for the interval 
jappears to be broken. On the other hand the large values of the other 5d terms 
tue probably to perturbations of the first kind. Consider first (4S) 5d?D, with 
finterval factor 166. The table shows that this large interval factor is not due to 
5p? group, for 6s°S., in which the 6s electron is of most importance, has an 
val factor of only 100. As the factors for 7s°S, and 6s°S, are 26 and 100 re- 
tively, it is reasonable to expect that a 5s electron would produce an interval 
ior of at least 400 and even possibly much more. The normal state of I* is 
p4, the 5d*D, term being produced by a displacement of a 5p electron to a 5d 
it. However the 5s? shell can be broken, giving 555p°, 555p*6s, 5s5p*6p, etc., 
term containing an unpaired 5s electron so that there are very large interval 
iprs in many of the terms. Moreover as the coupling is neither LS nor 77 the 
rbation selection rule as to Z and S will not be rigidly obeyed, for strictly 
king these vectors have no real meaning in such a case. It is very probable that 
jof these terms perturbs (4S) 5d°D,, and because the interval factor of the per- 
hing term is so large a value of 166 can easily result for (4S) 5d*D, even if the 
hs are of the order of say 40,000 cm! apart, which is the order of the energy 
inired to break up 5s”. 

| t may be noted that the interval rule is still accurately obeyed after perturba- 
, and the measurements show this to be so. An analogous case of an increase in 
irval factor associated with a sd electron was found by the author® in the 
ia fine structures. Here the 5s25d?D,). term has an interval factor 130 whilst that 
\s6s?S1/2 is 207. The perturbation effect is no doubt similar. 

The large interval factors in the (7D) 5d electron terms are probably due in part 
perturbation and in part to the contribution of the 5p* group which appears to 
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have a larger coupling constant when going to the (2D) limit than when going to 
(4S) limit. However there seems to be strong evidence of perturbation. The | 
interval factor for (7D) 61D, implies a perturbing mechanism similar to that 
ducing the large interval factor in (4S) 5d®D,.'The same is perhaps true for (7D) 5d 
and (?D)5d°D,. 
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ARACT. Absolute intensities of the main wave-lengths between 6000 and 2400 A. 
id by a commercial type of a very low-pressure mercury-vapour discharge burner 
= ulated, and some theoretical aspects of the results as compared with those for high- 
fire arcs are considered. Therapeutic effects of the two types of burner are discussed 
weference to the production of erythema. 


§1. INTRODUCTION 


i recent paper values for the absolute intensities of the main wave-lengths 
9) the mercury arc spectrum were given for high-pressure arcs, i.e. arcs where 
sie vapour pressure of the mercury is of the order of 1 atmosphere. Various 
hs of mercury-vapour burner are made; they operate at pressures ranging be- 
| this high value and a fraction of a millimetre, i.e. with the tube barely warm. 


f therapeutically as they may be placed in contact with the skin without fear 
#aperature burns. 
tie present below data obtained on such a low-pressure type of burner, the 


Holtage a.-c. supply. For this particular type about 600 volts is required to 
e the discharge and about 300 volts to maintain it, sufficient leakage reactance 
9) provided in the step-up transformer to stabilize the current. The tube passes 
)|A., so that the power in the discharge is only 45 watts in this case. 


§2. PROCEDURE 


‘rect measurements with a spectroradiometer are not possible for these very 
i essure sources, as the intensities of all lines, except the resonance line, are 
ad whereby two magnesium-oxide screens were illuminated, one by the test 
+ placed 100 cm. (the standard distance for which intensities are quoted) away, 
Jie other by a standard high-pressure arc whose intensities for all the main 
glengths had been carefully determined by the spectrometric method de- 
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distances along the optical bench and deducing the actual intensity at the screen 
means of the inverse-square law and the calibration values for one fixed distan 
Radiation falling on the two magnesium-oxide screens then entered a spectrogra 
with a Hiifner rhomb before the collimator slit, and in this way juxtaposed spec 
were obtained on the photographic plate. From these spectra records of equal pho} 
graphic density were obtained and hence the intensities of the test source we 
deduced from the known values for the standard. 


§3. RESULTS AND DISCUSSION 


The results obtained are given in table 1. As is to be expected, the resonan 
line 2536-5 A. is very intense since the mercury-vapour pressure is so low f 
absorption in the outer layers of the vapour and self-reversal are practically absej 
It will be noted that this line is 98 times as intense as the line at 4358 A. 4 
accounts for go per cent of the total output of all the lines measured. Thus the 1 
tensity in the visible region of the spectrum is no guide to that in the short-we 
ultra-violet. 


Table 1. Radiant energy flux (W./cm?) at 1 metre from the centre of 
quartz mercury-vapour burners 


A.-c. discharge type. | A.-c. high-pressure | 
MEAG e go 300 V. 150 mA., very| arc type. 3:6 A. to 
( ) low pressure common cathode 
5780 Onl, 38-2 
5461 1°05 41°6 
4358 1°20 35°3 
4047 O°47 20:2 
3650 0°65 56:0 
3342 0°04 6°1 
3132 o'71 40°3 
3022 0:07 16:0 
2,967 0°22 g'I 
2894. 0°05 46 
2804 _ 0°02, 65 
2753 0°03 a 
2652 0°07 16-1 
2536 120°0 19°9 
2482 0°03 Soy: 
Total 125 314 
Total for A 3132 and 121 117 
shorter wave-lengths 


We have not determined the intensity of so many lines as in the high-presst 
arcs; we obtained values for only the first two members of the sharp series and f 
first three of the diffuse series. However, when the logarithm of the intensity 
plotted as before against wave-number, figure 1, the members of the diffuse serié 
show a linear relation in contrast to the curves given in figure 4 of the previd 
paper” for the high-pressu H H ’3@) ion is f 

gh-p re arc. Hence Hulburt’s™ theoretical relation is fi 
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closely, at least by these few lines, in the low-pressure mercury discharge. 
f indicates that his probability function « is constant for the lines of a series 
these conditions. The general agreement in the slopes of the sharp series, and 
reater slopes of the several diffuse series found in the high-pressure arcs, are 
aintained in this low-pressure discharge, and from these slopes we deduce 


2°0 


Intensity at 1 metre (uW./cm?) 


m=5 


ode ele 
ee 


m=5 


20,000 30,000 40,000 
Wave-number v 


+ 1. Relation between intensity and wave-number for the sharp and diffuse series of the 
mercury spectrum in low-pressure discharge. 


ximate values of 5g00° K. and 3500° K. for the temperatures of the excited 
in the 2 °S and 2 *D levels respectively. McAlister’s™ relations for his lower- 
re arc show a tendency towards a more linear relation. On the basis of the 
nt and voltage ratings of his burners the vapour pressure in McAlister’s de- 
nations would be intermediate between the pressure in the high-pressure arcs 
e previous paper“) and the low pressure of the discharge burner used in 
resent investigation. It appears, then, that with increase of vapour pressure, 
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departure from the theoretical relation becomes more marked, especially for | 
in the diffuse series. we 

From a comparison of figure x and figure 4 of the previous paper it wil 
seen that, as the vapour pressure of the mercury changes from a low to a high va 
the relative intensity-distribution throughout the spectrum changes. Thus, whe 
at low pressure the 2°P,—m*D,,»3 series (AA 3650, 3022, 2804, ...) is relati 
weaker than series having as their first members A 3132, A 4358 and A 5461, atl 
pressure the intensities of all the lines in this series have increased until 
relatively the strongest. Similarly the 2°P,—m*D,,, series increases relativel 
intensity until, at high pressure, the first member, A 3132, is comparable in inten 
with A 5461, the first member of 2°P,—mS,, whereas at low pressure it was ¢ 
68 per cent as intense. 

It will be noted that this source, which appears to emit weakly as judged by 
visible output, is actually quite a powerful source of ultra-violet radiation of we 
length 2536-5 A. The absolute intensity of that wave-length in this burner, wh 
consumes only 45 watts in the arc, is greater than the total intensity of AA 253 
and 2534:8 together in the high-pressure 3-5-A. burner no. 160, which consun 
495 watts in the arc; it is in fact nearly 1-6 times as intense. 


§4. THERAPEUTIC EFFECTS 


It is of interest to see how the high and very low-pressure mercury burn 
compare as regards therapeutic effects, since their intensity-distribution is so 4 
ferent, the high-pressure type having a spectrum with numerous strong lines 
more or less comparable intensity, and the very low-pressure type emitting prac 
cally the whole of its output in one very intense line at 2536 A. We shall considé 
only the production of erythema, since this is often taken as a guide for treatmentii 
many clinical cases, and in the cure of rickets has been found to be a close guide 
the results obtainable. 

Only wave-lengths below 3200 A. produce erythema, and even these y. 
greatly in their effect, the maximum being produced at a wave-length of 2967 
Although individuals vary considerably in the energy necessary to produce redde 
ing of the skin, determinations of the relative effects of the various wave-lengthst 
several individual workers all agree reasonably well, the greatest divergence ocel 
ring at the shorter wave-lengths. Such determinations have been made by Hausser 
by Luckiesh, Holladay and Taylor“ and by Coblentz, Stair and Hogue, andi 
mean of the results obtained by these various experimenters are given in figure 
which shows the relative erythemal effectiveness referred to unit effect at A 2967 
In other words, the curve shows the effectiveness which each wave-length wou 
have in producing a minimum perceptible erythema if it were of the same intensit 
as 4 2967. Hence from this curve we can obtain the equivalent intensity of A 2g 
for any source if we have determined the intensities of the various spectral lines if 
absolute value by multiplying these values by the corresponding erythemal effecti¥i 
ness and summing the results. The sources are then directly comparable in respett 


~ 
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ly of their absolute intensity but also of their effectiveness in producing 
“ma.* 
z 


e wave-lengths 3132, 3022, 2967, 2894, 2804, 2652, 2536, 2482 A., of which 
2052 and 2536 are understood to include groups, are those most responsible 
mercury spectrum for production of erythema. For these wave-lengths we 
total power of 268.W./cm? at 100 cm. from the high-pressure 2°5-A. burner 
'4, whilst the low-pressure burner gives 121,.W./cm? at the same distance. 
jatter burner has thus 0-45 times the total intensity of the former. However, 
process described above, it is found to be 0-6 times as effective as regards the 
wtion of erythema, owing almost exclusively to the intense line at 2536 A. 


v 


Relative erythemal effectiveness 


0 
2400 2600 2800 3000 3200 
Wave-length (A.) 


| Figure 2. Relative effectiveness of various wave-lengths in producing erythema. 


4, in a therapeutic aspect, this low-pressure discharge burner can be con- 
as a source of monochromatic radiation of wave-length 2536 A. 

ia obtained with an a.-c. high-pressure type of mercury-vapour burner with 
#odes and a common mercury-pool cathode are also given in table 1 for com- 
/ It will be noted that the total intensity of wave-lengths below 3200 A. for 
Ser and for one of the low-pressure discharge type are comparable, the 
bn from. the discharge burner being 1-1 times as intense for these wave- 
, though only 0-4 times as intense if all wave-lengths are considered. How- 
i the basis of effectiveness in producing erythema, calculation of the product 
ilute intensity-values and the relative values given in figure 2 shows that the 
\3 ssure burner would be 1-4 times as effective. 

jperimental confirmation of this conclusion was obtained by exposing the 
upper (untanned) arm first to the low-pressure burner and then, adjacently, 


it 


" 
4 
Il 


Siythema, in the sense in which we use it in this discussion, is taken to be the minimum 
jole erythema, often referred to as “M.P.E.” 
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to the high-pressure burner for a graded series of exposure-times and at a dist 
of 100 cm. in each case. Minimum perceptible erythema was produced in 3 min 
by the low- and in 4 minutes by the high-pressure burner, showing the former R 
1-3 times as effective in producing erythema. This result is in sufficiently g 
agreement with the calculated value of 1-4. Direct comparison made, as above 
the same person on neighbouring areas of skin and at about the same time 
reliable. 

Data on the total energy of A 2967 or its equivalent required to prod 
minimum perceptible erythema is meagre, and the results obtained by two grc 
of experimenters show a wide divergence although amongst the three individi 
of each group the results were in fair agreement. Thus Luckiesh, Holladay 
Taylor give 4300 »W.-sec./cm? as the mean of a number of determinations m 
on these three workers, whilst Coblentz, Stair and Hogue™ give 20,500 1. W.-sec,| 
as their mean value. However, different parts of the body and different pers 
react differently to ultraviolet radiation, and it is not surprising that marked 
ferences are obtained in any experimental determinations of this nature. 
probable that these two sets of data can be taken, more or less, as limits bety 
which the energy required to produce the minimum perceptible erythema on @ 
one person might lie. 

The exposures made by the author of 3 minutes and 4 minutes for the low 
high-pressure burners under consideration correspond to about 11,500 1 W.-sec,/¢ 
of radiation of wave-length 2967 A., or about the mean of the two sets of 
referred to above. 
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RACT. The secondary magnetic field due to conducting circular discs, placed 
spatially uniform magnetic field which alternates with time, has been measured and 
* been found that as the dimensions of the disc, the conductivity, and the frequency 
}se, the secondary field also increases and the phase-difference between the secondary 
find the primary field changes from 7/2 to o. Simple considerations show that these 
. es appear for all conductors or conducting laminae of similar shape, no matter how 
=re excited. The results have been applied to the practical case of the location of good 
&cting mineral lodes beneath the earth’s surface. 


§1. INTRODUCTION 


4 NE method of geophysical prospecting“ consists in inducing currents in 
good conducting bodies, such as metal sulphides, by the application of an 
alternating magnetic field, the presence of the conductor being detected by 
atcondary magnetic field set up by the currents induced. Although small-scale 
#iments on this method have been carried out by several observers, either they 
been conducted with types of bodies which do not approximate in shape to 
} occurring in the field, or sufficient detail has not been given in the published 
: | s. Thus Slichter® has performed experiments on conducting spherical shells 
ad in the field due to a loop and has compared his results with those calculated 
Hach a body placed in a uniform field. Sundberg™, on the other hand, has 
jmined the field due to rectangular sheets excited by an alternating current 
8 in a rectangular loop, thus reproducing approximately the conditions. 
laing in practice. Full details of the latter experiments are not given and it is 
Hssible to determine from them the factors which control the secondary field due 
e body. 

i/he following experiments were made with the object of determining the above 
+-s. Various circular discs, placed with their planes perpendicular to a spatially 
lcm magnetic field alternating with time, were used to represent the conducting 
Wit in the applied magnetic field. To some extent this is open to the objection 
jn applies to Slichter’s results, but since mineral deposits approximate closely 
#eets rather than to spheres or spherical shells, the results throw light on the 
ditude of the distortion of the magnetic field due to such bodies and on the 
Hs upon which the response depends, particularly the thickness, resistivity and 
Siency. To some extent, by using discs of different radii, the effect of the linear 
linsions of the sheet has been investigated. 
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The uniformity of the applied magnetic field was essential to ensure tha 
discs, no matter what their dimensions, should be excited in the same way, while 
circular shape of the metal plates was chosen because, by using the fact that 
field is the same at points equidistant from the axis, search coils with large effec 
areas could be designed readily to measure the radial field. With any non-symmett 
shape it would be necessary to construct search coils whose dimensions were § 
compared with the dimensions of the plate and the distances involved, so - 


the measured field could be assumed uniform throughout the search coil. 


§2. EXPERIMENTAL ARRANGEMENT 


The uniform field was produced by means of two large square loops of § 
213°5 cm. joined in series and placed with their planes parallel and 116-3 cm. ap 
This system, which forms a modified Helmholtz system, has been described 
Rankine“ as a means of obtaining the most uniform field by means of square c¢ 
If 2a is the side of the square and 2b the separation of the coils, the most unife 
field is obtained if a/b= 1-837. In the system used a/b= 1-836. If the centre of 
coil system is taken as the origin of coordinates, the axes Ox, Oy parallel to the si 
of the coil and Oz perpendicular to them, then if H) is the field at the origin, @ 
field at various points near the origin is as shown in table 1. 


Table 1 

Position Field 
(0, oO, 0) Hy 
(Ge0°22,a5105, 0) 099902 Hy 
(0, +0°224a, 0) 099902 Hy 

0°22 0-22 
hyo . 

(+ 4/2 a = VB 0) 0°99952 Hy 

to: Oe: 
(0, 0, t0-22a) or99815 Hy) | 


It will be seen that over a circle of radius 0-224 (in this case 23-5 cm.) in the XC 
plane, in which the disc lies, the field is constant to within one part in rooo. T 
maximum radius of the discs was 23-1 cm., and as the apparatus used was tl 
capable of measuring to the above accuracy, the discs were assumed to be ims 
uniform field. ‘The coil system was connected directly to the generator by twist 
flex leads, which did not produce any appreciable magnetic field at the centre of t 
system. In the test, the current used was about 8 A. at 532 c./sec., giving a primé 
field of amplitude 0-062 oersted, or about 10 A. at 50 c./sec., giving a field of amp! 
tude 0-077 oersted. 

The apparatus used for measuring the field was originally designed for act 
inductive prospecting, and required only slight modification for small-scale work 
The circuit for the work at 532 c./sec. is shown in figure 1. The search coil A, fix 
in position relatively to the square Helmholtz coil system HH and threaded byt 
field due to it, supplies currents differing in phase by 7/2 to the two potentiometet 
Rk, S. By varying the resistance X, the phase-difference between the currents in! 
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i’ and the magnetic field at A can be changed until the e.m_f. set up in the search 
I, placed in the normal uniform field of the Helmholtz system, is balanced en- 
(jon the scale R, the scale S being at its central zero. The instrument with this 
stment is direct-reading, and in the presence of a metal disc the readings on R 
i give measures of the distorted field in phase and in quadrature with the 
ed field. For the work at 50 c./sec. it was necessary to change the constants of 
jotentiometer, and owing to the difficulty of designing a suitable search coil to 
ve A at the lower frequency the phase-calibration could not be performed. This 
at that the instrument was no longer direct-reading, but the in-phase and 
{ature components of the distortion due to the discs could be readily calculated 
the readings. Calculation showed that at both frequencies the field at the 


ate = 


Amplifier 


Figure 1. 


it of the square coil system due to the currents flowing through the fixed coil A 
auch less than o-1 per cent of the main field and could be neglected in com- 
Tn with it. 

‘he metal disc rested on three wooden levelling-screws passing through a 
¥; wooden base, and its position was fixed in relation to the frame carrying the 
i coil by two wooden stops mounted on the base and contacting with the 
ynference of the disc. These stops consisted of suitable wooden screws passing 
igh wooden blocks and they permitted the centre of the disc to be moved 
igh a small range. The framework carrying the search coil was also mounted on 
‘ase and allowed the coil to be moved along the axis of the disc. In the con- 
Por of the mounting for the disc and search coil all metal was avoided so that 
1 plied field was undistorted by the parts in question. 

he field on the axis of the disc was measured by a small coil having 770 turns 


iid in a groove 0-6 cm. wide, 0-4 cm. deep and of mean radius 2-7 cm. The coil 
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was first placed in the position of the disc and the phase calibration performed, the 
reading on the in-phase scale giving a measure of H), the applied field. At all other 
positions the readings were taken with and without the metal disc, and from them 
the distortion due to the disc was calculated as a fraction of the applied field. 
The measurements of the radial field were made with suitable coils placed 
parallel to and coaxial with the disc and moved to different distances from the disc. 
The coils lay in two identically similar grooves, with a mean separation of 1 cm., cut 
in the same wooden former. Coils with the same number of turns were wound in 
each groove and connected in opposition, so that, when they were placed in a uni- 
form field, the resultant e.m.f. induced in the system was zero. In any other field, if 
F, is the inward normal flux over the base, F, the outward normal flux over the top, 
and F the outward normal flux over the curved surface, then, by Gauss’s theorem, 


YEN (peeaed (Paro ON ah a iad 


As the coils are connected in opposition, the induced e.m.f. is a measure of (F, — FP), 
and hence the system measures F, directly. When the coil and disc are parallel and 
coaxial, F', will be due to the radial field of the currents in the disc at a distance fro 
the axis equal to the mean radius of the coil. One advantage of these coils is that a 
slight displacement of the centre from the axis of the disc will not introduce an 
serious error, for one part of the coil will be moved into a greater radial field and 
another part into a weaker field. Since 0H,/ér is the same for all points on the rim 0 
the coil, where H,, is the radial field, the increase of flux on one side will be com- 
pensated by a decrease on the other. 

It was found, in general, that coils constructed in this manner were not exactly 
astatic. Slight dissimilarities in the grooves, or small differences in the windings of 
the coils themselves, result in a small difference in the mean radii of the two com- 
ponent windings. Consequently the curved surface of the coil approximated to a 
section of a cone of small semivertical angle 0, rather than the section of a cylinder. 
If H, and H, are the radial field and the field parallel to the axis respectively, then 


F;=(H, cos 6+ H, sin 0) A=(H,+H,6) A 


when A is the effective area of the curved sides. When the coil is rotated through 
180° about a diameter, the second term changes sign and the mean of the tw 
observations eliminates the unwanted effect. The constants of the six coils used it 
the measurement of the radial field are given in table 2. 


Table 2 
; Mean radius No. of 
Coil r (cm.) carHisty A (cm.? x 104) 
A 4:6 450 Tsai 
B Ps 300 -1°35 
G Ta3 200 I-41 
1D, 14°8 150 1°40 
E 18-8 120 I'41 
Jit 22°6 100 | 1°42 
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A is the area of the curved surface of the coil and =27rnh, where h is the mean 
separation of the two windings. As before, the potentiometer has been calibrated 
with a coil of known effective area placed in the normal applied field, and the distor- 
tion due to the discs is expressed in terms of the applied field. 


§3. EXPERIMENTAL RESULTS 


The dimensions of the discs and their resistivities, obtained from measurements 
on specimens cut from the same sheet, are as shown in table 3. 


Table 3 
Radius Thickness Resistivity 
a(cm.) d(cm.) p (e.m.u.) d/p 
Copper I 20°3 o'210 2°94. 10° Tet Aa Om 
Copper II 20°4 0°0475 Te GeeLOn 27 Ome 
Brass 20°3 0°198 6:56.10 B02 Ome 
Lead 20°3 0°342 PPA ESOS Tesi Ome 
German silver I 231 0'0924 2A Oe 3-7 OM LOme 
German silver II 20°53 0°0924. DATELO- 2°77 Om lOme 
German silver III 17°8 0'0924 2°47. 107 BO 1Ome 


The field on the axis of all seven discs was measured at 532 c./sec. and for the 
: first five at 50 c./sec., but the radial field was obtained for copper I and lead at 
_ 532 c./sec. only. Typical examples of these fields are shown in figures 2, 3 and 4. In 
these diagrams the in-phase components are given by the continuous curves, the 
_ broken lines referring to the quadrature components. Some of the observations 
: are shown on the curves to indicate the accuracy of the measurements, but in many 
cases, to avoid confusion, the observed values have been omitted. Figure 2 shows 
the in-phase components J, and the quadrature components Q, of the radial field, 
expressed as a fraction of the applied field H), as measured with the coils in table 2 
at various distances from the disc. It will be seen that the quadrature components 
are approximately between 0-3 to 0-5 of the in-phase components. Similar curves 
were obtained for copper I. In this case the maxima on the in-phase curves were 
displaced to a greater radial value and were larger than the maxima for the lead disc. 
| The quadrature components were much smaller, the maximum measured value of 
| Q,/H) being 0-09, and in general they were about o-1 of the in-phase components. 
| 


With the aid of these and similar curves the complete radial fields have been de- 


‘picted by lines of equal in-phase and equal quadrature component, figure 3. 
| Figure 3, in which the in-phase lines only are shown since the quadrature values 
were too small to be plotted accurately, refers to the copper, and figure 30 refers to 
| the lead. It will be seen that, in general, the field at a given point is greater for the 
: copper than for the lead, while the maxima for the copper are at a greater distance 
‘from the axis, illustrating the tendency for the current to concentrate nearer the 
‘rim of the better conductor. 
Examples of the axial field are given in figure 4 for copper I, copper II and lead 
at 532 c./sec. and at 50c./sec. Comparing the magnitude of the in-phase com- 
5-2 
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ponents J,/H, and the quadrature components Q,|Hp of the axial field for pe 
532 c./sec., we can see that they are of the same order as the corresponding ratio for 
the radial field, figure 2, a result which was confirmed by the measurements on 
copper I. This is to be expected, since outside the disc the components may be 


‘ 
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Figure 2. Radial field due to lead disc. The figures attached to the curves 
refer to the distance (cm.) from the disc. 


derived from a potential Q which, on the axis and at a distance 7 from the disc, has 
Us oa Q=% (Ar"+ Bir), 
and at a point (7, 0, 4) off the axis 

Q=(Ar" + B/r"*) P,, (cos 6), 
differing only by the introduction of the Legendre coefficient P,, (cos @). Accord- 


ingly, the factors controlling the magnitudes of the two components may be de- 
termined from an examination of the axial field only. 
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Figure 3. Radial field due te copper I and lead at 532 c./sec. The radius of J,/H) and 
QO,/H are denoted by the figures attached to the curves. 
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Figure 4. Axial field due to conducting discs, A, copper I; B, copper IT; C, lead. 
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In the case of the axial field it will be seen that, at the high frequency, the in- 
phase component predominates, while at the lower frequency, and for the poorer 
conducting sheets such as copper II and lead, the quadrature component 1s larger 
than the in-phase component. In all cases the in-phase component for a given disc 
decreases considerably as the frequency changes from 532 C. /sec. to 50 C. [sec., and 
at a given frequency the component decreases with decreasing value of the ratio of 
thickness to resistivity. The values of this ratio for the three discs shown in figure 4 
are for copper I, 7-14. 10°; for copper I, 2°75. 10~°; and for lead, 1-51. 10~°. In the 


© 0°6 
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Figure 5. The value of 2/a is indicated by the figures attached to the curves. 


case of the quadrature components the relations are not quite so simple. The 
quadrature component is greater at the lower frequency for copper I, copper II and 
brass, but smaller for German silver I. In the case of lead, close to the disc the 
component is larger at the lower frequency, but at larger distances it is smaller. 
At the higher frequency the component increased as the ratio thickness/resistivity 
decreased, but at the lower frequency the conditions were reversed. 

It was found that if for a given value of z/a the fields J,/H) and Q,/H, were 
plotted against wad/p, where z is the distance from the disc and w is 27 times the 
frequency, the points for all discs lie on smooth curves. The values derived from the 
experimental results for five different values of z/a are plotted in figure 5. For 
convenience, since wad/p for the discs used varies from 0-027 up to 4°86, a logarith- 


Experiments on conducting laminae in periodic magnetic fields 71 


mic scale has been used for this quantity. It will be seen that below 0-04 the in- 
phase component is negligible compared with the quadrature component. Between 
the values of o-1 and 1-o the in-phase component increases rapidly, and thereafter 
an increase in the parameter wad/p produces little effect, and presumably each curve 
fends to a limiting value corresponding to the effect of a perfect conductor. The 
quadrature curves rise to maxima as wad/p increases, and then fall away rapidly. It 
will be seen that the intersections A, B, C, D and E of corresponding in-phase and 
quadrature curves occur at the maxima of the quadrature curves. Thus, below 0-4 
che quadrature components are greater and for sufficiently low values of the 
9arameter the secondary field is entirely in quadrature with the applied field. 
Above o-4 the in-phase field predominates, and for sufficiently large values of 
vad/p the distortion is entirely in-phase with the applied field. 


§4. DISCUSSION OF RESULTS 


These curves reproduce the same characteristics as other bodies when placed in 
: uniform field if the response is plotted against a suitable parameter. In the case of 
i sphere of radius a, the parameter ® is wa?/p, while for a spherical shell of radius 
y and thickness d the parameter®® is wad/p. Even with a simple loop it is easy to 
how that a field changing in the same manner will be obtained if the secondary 
ield at a given point is plotted against w/R, where R is the resistance of the circuit. 
‘lementary considerations show that these features are to be expected for a con- 
tuctor of given shape, when the distortion is plotted against a suitable parameter 
avolving the resistivity, frequency and size of the body. The two factors controlling 
he magnitude and distribution of the induced currents in the conductor are the 
esistivity and the opposition to change of the magnetic field. For bodies of high 
esistivity or for low frequencies the resistivity is the important factor, and the 
aduced currents are in phase with the induced e.m.f. —jwN, where N is the flux 
nrough a closed line of flow, and are proportional to 1/p. For good conductors and 
igh frequencies the second factor is the more important and roughly increases 
roportionally to the frequency. Consequently the induced currents are in quadra- 
ire with the induced e.m.f. and are practically independent of frequency, leading to 
i-phase fields which tend to a saturation value. 


§5. APPLICATION OF THE PRINCIPLE OF SIMILITUDE 
The parameter controlling the secondary field may be obtained more precisely 
om the electromagnetic equations. With electromagnetic units 


Curl E= — pH, 
Curl nee E, 


here E and H are the electric and magnetic fields, p is the permeability and p is the 
sistivity. These equations lead to 

CR @R CR 4mpoR 

ax? * aya dz? p ot’ 


E, A, p 
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where R is any component of the electric or magnetic field. For bodies of similar 

shape, let « be the length of a line in the body, i.e. a measure of its linear dimensions, 

and let the coordinates be expressed in terms of this length. Thus 
x=fa, y=nn, 2=%a, 


OAR 207 C7 sAmpiC os. 
and hence Et On? 30a ap JOR 9) iS See (x), 


since, in the case of alternating fields, when a steady state has been reached, 0/dt 
may be replaced by the operator jw. Consequently 


a én, £) am 


and the parameter controlling the response is wj.a?/p, corresponding to wa*/p which 
obtains for the case of the sphere. Equation (2) involves the principle of similitude: 
first pointed out by C. V. Drysdale™, for to reproduce the field in a particular case 
on a different scale wuo2/p must be a constant. Since the wave-length A of an 
electromagnetic disturbance in a medium is 1/(p/27wp), the principle of similitude 
requires that the wave-length of the disturbance shall be changed by the same 
factor as the other linear dimensions. 
Equation (2) is not directly applicable to the case of the discs here used because 

they are not bodies of similar shape, i.e. a/d is not a constant. For laminae of the 
same shape but differing in thickness d and in «, a measure of the surface dimensions, 
the following equation holds outside the lamina: 

CORO hanes 

cat gat ope ines (3), 


in virtue of equation (1), since p= 00. If the lamina lies in the XOY plane it can be 


shown that 
2 


5) 
1 


4nd 0H, 4nd 0H,, |0H, 
Pin Ol Se Demmols Maes 


where the suffixes 1 and 2 refer to points close to the boundary on each side of 


the sheet. Hence, since z=«¢ and c= Jw, 


mwad wad 0H; |2 
tnoed py, Amjad yy, a 


from which, in combination with equations (3) and (4), it would appear that the 
field is of the form 
Rav (HIE, 6,5, 2), 


which agrees with the experimental results obtained with the discs, and with the | 
result quoted for the spherical shell. One feature of the above analysis is that the 


exact nature of the exciting field is not specified and thus the general results can be 
applied to bodies not in uniform fields. 


1 
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§6. CONCLUSIONS 


Three inferences of great practical importance to the application of the inductive 
‘methods of locating well-conducting subterranean bodies may be drawn from these 
jresults. In the first case there is no simple phase relation between the secondary 
\feld and the applied field, and the field instruments must be capable of dealing with 
all phase conditions. With the resistivities and dimensions of bodies available in 
‘practice, it is probable that only the smaller values of wad/p are important and, 
although in this range the quadrature components predominate, the in-phase 
component may be an appreciable fraction of the total field. It also appears that, 
‘or a body of given surface dimensions, exactly the same field will be obtained for all 
ombinations of resistivity and thickness as long as the ratio remains constant. Thus 
a bed of clay of resistivity 500 Q.-cm. and thickness 100 cm. will be indistinguish- 
ble from a copper-sulphide body of resistivity 100 Q.-cm. and thickness 20 cm. 

The fact that the secondary field increases with frequency does not imply that, 
n the practical case, a body will be more readily detected if a higher frequency is 
ised, for another factor enters into the problem. The surrounding rocks have a 
inite resistivity, usually much greater than the resistivity of a sulphide body, and 
ccordingly induced currents are set up in those rocks, giving rise at the surface to a 
secondary field which forms a background on which local effects are superimposed. 
he primary field is thus decreased by absorption occurring in the rocks that lie 
etween the body and the surface, and the absorption increases as the resistivity 
lecreases or the frequency increases. For the secondary field at the surface due to 
\/he body there are two opposing factors, the primary field decreasing with frequency 
nd the response increasing with frequency. Consequently there is an optimum 
requency for a given body which will yield the best results. An increase in the 
requency beyond the optimum value will result in a smaller indication on an in- 
reased background, while a decrease in the frequency will reduce both the local 
Ely and the background, the former being reduced by the greater factor. The 
ptimum frequency will decrease with increasing depth of the body and also with 
ecrease of resistivity of the intervening medium. In the case of a large surface 
onductivity, the optimum frequency may be so small that the field at the surface 
‘fue to the body will be negligible compared with the applied field. Under these 
blonditions the inductive method is at a marked disadvantage, which it shares with 
ther methods employing alternating currents. 
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BSTRACT. Suitable measures are obtained for the uncertainty, corresponding to a 
ed error of phase, in the object-image relation of a symmetrical optical instrument. For 
hin lens with its aperture stop in contact with the lens the uncertainty is proportional 
the distance between the object and the image. The formulae are utilized to determine 
> most accurate values of the coefficients in the object-image relation from observations 
ipluding many pairs of co-ordinates. 

The results given by the phase criterion, unlike those derived by a purely geometrical 
atment, are unaltered if the object and image spaces are interchanged. 


'N the course of optical experiments it is sometimes required to determine the 
connexion between conjugate points for part of the optical train without 
disturbing this portion of the apparatus. The procedure followed is to attach to 
| apparatus scales on which corresponding positions u, wu’ of an object and its 
lage can be read. These observations have then to be fitted to a formula of the type 
Au Bu Cus D=0 YBa dt (1). 
{ree pairs of points suffice to give a solution, but it is usual to observe a greater 
mber. In general each set of three will then yield different values of the ratios 
:| B: C: D, and the method of selecting mean values deserves attention. Obviously 
s\nparatively little weight can be assigned to determinations from close sets of 
#nts. For such sets the minors of 


Ut, Uy Uy I 
Ug Us, ty. Us I 
sts tis Us I 


be small, but it does not follow that we shall reach a satisfactory result by 
gely adding corresponding minors, for by this procedure if any observation 
fre included with u or u’ indefinitely great this single observation alone would 
jermine the ratio of B or C to A irrespective of all the others. From the nature of 
i) arrangement we cannot avoid this difficulty by adopting an expression which 
ailves only the reciprocals of wu and u’. Indeed the fact that a small change in one 
ailing may correspond to a large change in the other should put us on our guard 
nst accepting any treatment which does not take into account the physics of the 
lem. 

iIt is now widely recognized that the correct measure of errors of focus is the 
Be of path, as utilized in the late Lord Rayleigh’s treatment of somewhat 
‘ilar problems. In the question we are considering it may be assumed that the 
. path differences will be obtained by comparing axial and marginal paths. 


| 


| 
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If the inclination of the extreme rays to the axis is of moderate magnitude, and 1 
and u’ are assumed to increase as the distances from the lens of the object and image 
respectively increase,* the marginal path will exceed the axial path by 7, where 
2AT=(B—uA) (M?+.N?)—2 (MM'+NN’)+(C—w'A) (M’2+ N’?)...(2), 
and M, N and M’, N’ are the direction cosines of a marginal ray with respect 
axes perpendicular to the axis of the system. The corresponding intersection dis: 
tances in the u and uw’ planes of this ray are given by the equations 
Ay=(B—uA)M-—M', Ay'=M-(C-w'A)M, 
Az=(B—uA)N-—N', Az’'=N—-(C-w'A)N’. 
Similarly if the aperture is limited by a stop corresponding to one of the scale 
readings u=s, u’=s’, and the iritersection points in the stop plane are y, ¢ or 7, 
C’, we shall have 
An=(B-sA)M-—M’, An’ =M-(C=-s'A)M’, 
At=(B-sA)N-N', At/=N—-(C-s'A)N’. 


Considering now light from an object point on the axis, so that y= 2=0, we obtain 


a n Bs —n! = M 
u—s Aus’ —Bs'—CutD”~ B-—uA” 
ane = N 


~u—s Aus’—Bs'—Cu+D B=uA’ 
where we have assumed the relation BC —_AD=1 in deriving the values involving 


7’ and ¢’. Substituting these values of the direction cosines in (2) we obtain 
2T —_(B-—uA) (Auw'— Bu'—Cu+D) 


pre (u—s)? , 
ae 2T —_(B—uwA) (Aw — Bu'—Cu+D) 
na (Aus’ — Bs’ —Cu+D)? 


Both these equations may be expressed in a single form. If we put 
Auuw' — Bu' —Cu+ D=d, 

—d is the optical interval between the planes selected (with some small error) a 
corresponding conjugate planes. If the stop is in the object space, u—s is th 
separation between the object and the stop plane, and if the stop is in the image 
space —d, is the corresponding optical interval, where Aus’ — Bs’ —Cu+D=d, 
In the first case the real and the optical intervals are identical; we may accordingh 
denote either of these optical intervals by —d,. Moreover B—uA is the reciproca 
of the magnification m which the object undergoes in the system we are considering 
We therefore have in all cases . 
OM Cents) q 

72 = md, sewereteee (3); 
where 7 is the radius of the effective stop. 
* The conventions are those of Group II, Case 1, described in the Report on the Teaching 0 


Geometrical Optics, The Physical Society, 1934. 
+ Hamilton’s notation for one of his auxiliary characteristic functions is adopted. 
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| The asymmetry in this formula is due to our having definite knowledge of 
sreement of phase at the object, but not in the approximate image plane. If how- 
er we neglect errors in focus except in the factor d itself, we can immediately 
eect (3) into the symmetrical form 

: oes Rea | 

| eo cis Gh ay dy ee Senge me ANE (4), 
jnere —d,’ is the optical interval between the image plane and the image of the real 
dp plane, i.e. d,’ has one of the values —(u’—s’), Au’'s—Bu' —Cs+D, the choice 
spending upon whether the real stop is in the object or the image space. 

An important special case of (4) arises when the effective stop is in a principal 
jane. We then have 7’=7, the relation connecting conjugate points is 


Ret is 
A+ d. + d, =0, 
‘id the formula reduces to ae =e seat (GP 


jnere J is the overall distance between object and image planes less the actual 
stance between the principal planes. For a thin lens the principal planes are 
‘incident, and for many systems their separation is negligible, so that Z may be 
<en with sufficient accuracy to be the distance apart of the object and image. 

| Wesee therefore that, corresponding to a given standard of accuracy in focussing, 
e tolerance in d is proportional to md,?, or with sufficient accuracy to d,d,’, and 
fat it will often be the case, with the stop in or near to a principal plane, that the 
erance is proportional to Y, the distance apart of the object and image. 

| A practical procedure is to compute provisional values of A, B, C, D from a 
san and the two extreme positions of object and image. With these values of the 
jjastants compute values of d for all the observations, and then evaluate either 
nd,” or d/d,d,’ or d/Y. Uf the distribution of these quantities is not systematic as 
dzards sign and the largest positive and largest negative values are of equal magni- 
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Je, the values of A, B, C, D obtained may be accepted as satisfactory. Otherwise 
‘ym these quantities we pick out four which are judged to have the largest out- 
ding errors from a mean curve, these being alternately positive and negative as 
iincreases.* Distinguish these outstanding observations by the suffixes 1, 2, 3, 4. 
‘sume, for the purpose of illustration, that D is a suitable measure of the tolerance 
i be permitted, and that Z,, Z,, G,, D, are the values of G for the four observa- 
‘ns. Then the equation which fits the observations best is 


uu’ u' u I fe) 

UU,’ Uy Uy I J, 

Ug Us, Us, Us I ey = Ome ee ean te a (6). 
ie Ue Us I DB 
Ut, Uy ip I -QY, 


mula of any order to a set of observations”’, Proc. phys. Soc. 46, 560 (1934). 
i 


{ 
i: For a discussion of the principle adopted see “'The mid-course method of fitting a parabolic 
i} 
id 
' 
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When the best relative values of A, B, C, D have been obtained their absolute 
values, if required, are found by dividing each by (BC—AD)}. The resolution of th 
ambiguity of sign offers no difficulty in practice. If the scales are arranged dif 
ferently it may happen that the dividing factor will be (AD—BC . In any ever 
the factor is real, and the sign will be chosen to give the correct sign for A. Fe 
details see the reference on p. 76. _ 

D,, Do, Bs and D, may be regarded as weights attached to the determinations 
of A, B, C, D when the pairs of points 1, 2, 3, 4 respectively are omitted. Th 
determinant (E say) obtained by deleting the first row and last column from (6 
measures the magnitude of the outstanding errors. For if we denote by Ax B, 
C,,, D, the coefficients found when points p are omitted, alternations of sign being 
avoided, we have 


Uy Uy" uy’ Uy I A, A, pike ae 
Uy Uy Us, Up I —B, B: =B; B, 
oe Us Us, Us’ Us I —-Cy Cy 5 Ae: C1 
U4 Uy, Uy, Ug I Ds 23 dD; D; ae D, 
d Lace ls = C — D _ Ally uy’ — Bu,’ — Cu,+D 
an YD,A, LD By, 2DjpCpmeo gD, —(-y EF, 
i (7) 
(2D, B,2D_,Cy—UD,A,uD,D,z)i (2D, xuD,A,— DD, D Moat averetetate 1 
where Mee (O, Ale 
and Aya=(Bp—By) (Cp— Cy) —(Ap—A,) (Dp —D,). 


A,, can be expressed as the product of six factors, and A,, as the product of four 
factors, but it will usually be unnecessary to evaluate them directly. 

The quality of the observations can be determined from the values of T whet 
the final values of A, B, C, D are inserted in one of the equations (3), (4) or (5) 
According to Lord Rayleigh T should lie within the limits +A/4 for sensibly perfec 
definition, where A is the equivalent wave-length of the light used. In our problen 
we interpret this tolerance as fixing the limits of sensibly perfect focussing. 

It may be observed that, as with other questions of this class, the results reached 
by means of limits depending on path differences disagree with those derived geo 
metrically by assuming that the definition will appear satisfactory if the rays intet 
sect an image plane in an area less than a fixed limiting size. It is not difficult t 
show that this assumption leads to tolerances in d proportional to d,. It should be 
noted that, unlike the results given earlier, this conclusion is essentially unsym 
metrical as regards the object and image spaces, so that if object and image af 
interchanged the distribution of tolerances on this basis will be altered. 


1 
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ABSTRACT. A method is devised for solving the following problem: Given m curves 
Herived by m different experimenters to describe the same physical process, how are 
these to be combined into one unique curve? Formulae are developed that enable the 
ordinates of the combined curve to be calculated simply from those of the constituent 
nembers. 


UPPOSE that m experimenters each separately investigating a particular 
process produce m sets of data or m curves each purporting to describe the 
same phenomenon quantitatively. How are these separate curves to be com- 
ined? Can any criterion be developed that enables us to decide what weight to 
ttach to each of the individual members of the system in combining them? 

| It seems clear that such weights must be associated with the extent to which 
ach one of the sets correlates as a whole with every other set, in addition to the 
t;xtent to which any particular reading is in partial agreement with other corre- 
iiponding readings. A direct and unconditioned use of the method of least squares 
ijrould not take these considerations into account. We commence with the case of 
wo sets of data. 


} (2) Let (A,,...A,) and (B,,...B,,) be two sets of observations obtained by two 
siifferent experimenters to represent variations in the same phenomena at positions 
i\x,,--.%,) not necessarily evenly spaced. We assume that no errors arise in deter- 
}nining x,, ...x,, that the values of the As and Bs are almost entirely determined by 
ihe nature of the subject-matter investigated, and that the differences between A, 
‘ind B,, A, and By, etc. arise only from experimental errors. It follows that the A and 
£8 series should be highly correlated. The problem is to derive from these observa- 
g0ons a third series Y,, Y,... VY, at x1, X9,.. +X» which correlates most highly with (A) 
) d(B). This last phrase is taken to mean that if 7,, and 7, be the correlation coeffi- 
Hients between the As and the Ys and between the Bs and the Ys respectively, 
nen the Ys are to be chosen to make a homogeneous symmetrical function a 
shaximum. 

) (2) Let M,, Mz, My be the arithmetic means of the As, the Bs and the Ys. If 
| , B; and », are deviations of A,, B, and Y, each from its mean, then 


n n n 
Ya,=r P,=Uy.=0, 
1 1 1 


r _ 2,8, pee Xi ass Ps tee x Bs 7s ; 
Bae py 8 Cae ane) "(82-2 7) 


An, Bn 


Xn 


Mz, Mz, M; 
Xs; Bas Ns 


as, De, Vs 


2y 
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It will simplify our notation if we write 


Ks iB: =A Ns yy 
Jd Og $3) A/a BA $) f/x ns” 
n n 
Then $4,=5b;= Dyg=0; 
1 1 iL. 


n n n 
Tap = asd; ; Tay = UASYs 5 fog Ure 
1 1 


Thus the problem of determining the set (Y) that correlates most highly with 
sets (A) and (B) can be expressed in terms of the sets (y), (a) and (4). 

(3) We examine in the first place how far the set (y,,- - -Yn) can be determined 
make F (1,,,; 7») @ maximum where F is a given continuous homogeneous functi 
of degree NV. ; 


For this we require 


oF= i Bray My=0  . | (1), 
where Sf y= 4,0y, and’ 67,,=26,6y, eee (2 


Thus inserting (2) in (1) we require 


E (a a 5) yo (3). 


In addition, from the restrictive conditions on y, we have 


Sy. by. O, z Sy,=0, . "|. a (4). 
1 1 
Combining (3) and (4) in the usual way we find that 


& (a a +b, i +y.+1) dy,=0, 


where A and p are constants to be determined. 
Equating coefficients of dy, to zero we have 


oF oF 
Oe apo e al ae (s=1,...m) resets (5) 


Summing the set (5) and remembering that 
La,=X b,=Ly,=0, we deduce that p=o. 
Multiplying (5) by y,, summing and noting that 
UaVs=Tay, UbsVs=Toy, ba Ah 


o OF 
we find Tae atone +A=0. 
ay by 


Thus, since F is a homogeneous function of Nth degree, by Euler’s theorem 
A= — NF. 
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Accordingly (5) takes the form 
oF oF 

fia Pen a NE (S022), eae (6). 
Multiplying (6) by a, and 6, respectively and summing we obtain 
| ae +7 ap oe =F NE 
Of ay Nyy 2 ( ) 
: Pa ee eae Ree Ors: a). 
Tap it jet NP 


equations (6) and (7) between them serve to determine r,,, 7,, and Vee 


(4) Eliminating NF, and between (6) and (7) we have 
ay by 
a; lie Ws =O 
I Tap Vay 
Van u Toy : 
r Vell tag = On aga Tentenl Us rae Taptiy| ow ceo (8). 
gain associating Euler’s identity 
oF OF 
Tay ar, +e oe 


I Tob Tino 
Tab I Toy 
Tay Toy I 
Gr) (tr) =Car eee (9). 


or Our purpose we shall be interested in the case where F is symmetrical in 7,, and 
4),, in which case (7) implies that 


Tay =Toy- 
} quation (9) then gives Paty Uh 2 =) oes (x0), 
jd (8) Were) Viet era) ae. (x1). 


nce it can easily be shown that | 7,, | <1 and 7,, is positive for those cases with 
f nich we are concerned, it follows that y, is in general slightly greater than the mean 
*, a, and b,. 

)| We have now to reinterpret these results in terms of the original set of data: 


Gea Ch, Me OL descr ane 


2 


| Observed values ee oe ae ae 
( (5) Now Wagner (12), 
snere My and y are still unknown. 
}| Also ey eB Mat Bb: 
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We propose to determine My and y by the method of least squares. 
Thus we require 


Si v,—4)+(¥.- Bh 


ie. > [(My-+yys—Ma—«,)?+ (My + yys— Ma—B,)"1, 
1 
to be a minimum for variations in My and y. This leads easily to the two equations 
My=4(Ma+Ms) (13), 
n n n 
and ay Ui YP= Doe +E Boos 
or since Tay =Tous 
or 2y = Fay (VEat+ VE BE) 
ya Tay [o4+o3] Te NL ge ET Saeco (14), 


where o, and og are the standard deviations of the A and B series respectively. 
Thus Y,=My+yys 


a,+b, 
V2 (1+71q) 


=} (Mat My) + ee rec at rd 


=: (M, lines Yay [C4 + op] 


=} (M+ Mp) +4 [oa +o] 5B +f ae (rs 


OB 


where M, and Mz are the means of i As and Bs respectively, and the as and fs 
are the deviations of these values from their means so that 


A,=M,+4s, B,= Mz + ,. 

Accordingly all the constants in the calculation of the series Y that correlates 
most highly with the two experimentally determined series A and B have now been 
determined. a 
Turning now to the general case of m sets (A), (B), (C),...we proceed with the 


analysis as before. Corresponding to equation (7) associated with Euler’s identity 
we have 


oF oF oF 


Br, +e p. t Yee Tov NE tees (16), 
OF cork ear 

67, Orn, | Sor, Cm 
oF OF ar 7 

"00 Fra, or Or Ca 


OF OF OF 
"av By 5 6r,, WAAL or, =NEFo (0 See (19): 
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Also in the same way corresponding to equation (8) 


a, b, Ce Ve |= 0 a re ae (20). 
i Top ‘ae Toy 
UT I Toe Toy 
Vae oe I Voy 


Equations (16), (17) and (18) serve to determine 7,,, 74y, “ey in any given case and 
is before equation (21) gives y, as a linear combination of a,, b, and c,. Unlike the 
ase of two sets A and B, the precise values of these correlation coefficients for a 
arger number of sets appear to depend on the nature of the function F. The case of 
, linear function however leads easily to a solution. Here we have the sets of 
»bserved values (A), (B), (C),... and we have to determine the set (Y) to make the 
torrelation function 


Gere ito bees oO = eee (21) 
maximum. 


Equations (16), (17) and (18) lead to 


Pie tlt ig hts AL a Gi ge Panwa (22), 
Dp, d=, b,C, «++ 


vhere =f. 1 


rom which it easily follows that equation (20) leads to 


Ye=(a,t+b,+6,+.. Shes 2p? Ym ees (23). 
p, a=a, 6, ¢,. 
Ince more writing Y,=My+7,=My+t+yy.; 


here My is the mean of the terms in the Y set and applying the method of least 
quares we easily find, if there are m sets (A), (B), (C),..., that 


My=— (ME Mig t0) ee (24), 
nd my = 3 cisy.+% Bast 
il “ 
=/n [TayCat+Toyoat---] Aconot (25). 


= 5, (Ma+Mz+Mo+-.] 


fe [Tay O4 + 1py SBT -- Al [a,+, Hest. WV ud Ta 


D, G=4, D, Cy oe 
=— [Mi+Mz+Mo+.-.] 
+ rayoattnon +] | 2+ a eo 
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In the case of three sets (A), (B) and (C), for example, this may be written 


Y;, =: (M,+Mz+Mc_) 


see i, Rea +2) O4+0gt+o0¢+Ta (o4 top) +Toe (on +90) tea (09 +04) we (27). 
3 O4 OR og 342 (Ta +%re+Tca) 
We note that if all the sets show the same standard deviation, then the value of Y at 
each position is simply the mean of the separate ordinates. 
The following table indicates the steps in the calculation and checks for n 


observations in each set. 


Observations : 

A, ts = M, =A; oa 3/o4 
—, — — | — 

Ltn LO utn u=0 | Gy = 
B, B,=Mz ar Bs? B./oR as B./o4 C6733 
= a = | weal a 

Lin =o Eun | ofeo Ln 

=Mz = op" = ap oR=... 
Cc; ¥s= Mo =—C€; Ys ¥./% as y3/B 76 Bs ys/OR Xo 


Formula (15) is to be used for two sets, and formula (27) for three. This formule 
is a particular case of (26) for any number. : 
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THE EFFECT OF CRYSTAL-SIZE ON 
LATTICE-DIMENSIONS 


By G. I. FINCH anp S. FORDHAM, Imperial College 


of Science and Technology 


Received May 28, 1935. Read in title November 1, 1935 


IBSTRACT. The lattice constants of the lithium, sodium and potassium halides have 
een determined by the method of electron-diffraction, gold and graphite being used as 
eference standards. It has been found that crystal-size can and does exert an appreciable 
ect upon the lattice-dimensions. 


§z1. INTRODUCTION 


HE use of zinc oxide as a reference material was advocated by Finch and 
Quarrell™ in the determination of crystal-lattice constants by electron- 
| A diffraction. They took as constants those assigned by W. L. Brage® to 
incite. Later, however, Finch and Wilman™ pointed out that more recent X-ray 
eterminations of the constants of zincite and other specimens of specially pure zinc 
ide differed, not only from Bragg’s values, but also among themselves by as much 
$s I per cent, and they therefore measured by electron-diffraction the lattice 
onstants of zinc oxide prepared by the combustion of a zinc of forensic quality, 
old leaf being used as reference standard. 'They obtained an axial ratio agreeing 
rithin the limits of experimental error with Bragg’s value; their a and c values, 
owever, exceeded not only Bragg’s but also those due to all other X-ray investi- 
ators, by amounts which could certainly not be ascribed to errors in the measure- 
ient of diffraction-ring radii. It was shown furthermore that the discrepancy was 
ot due either to thermal expansion or to charging-up effects, and the hope was then 
xpressed that a redetermination might be carried out with X rays and condensed 
inc-oxide smoke. 

More recently it was suggested by one of us“ that the apparent discrepancy 

etween the values of the lattice constants of zinc oxide as determined by diffraction 
X rays and electrons respectively might be explained in terms of a theory first 
ut forward in 1930 by Lennard-Jones, according to whom the lattice-dimensions 
crystals of homopolar compounds should increase with decreasing crystal size, 
hilst with ionic substances the reverse effect should occur. 
X-ray experiments have been carried out by Lowry and Bozorth (*) Randall and 
ooksby ”, Randall, Rooksby and Cooper™, and K. A. and U. Hofmann, as a 
sult of which it was suggested that in the case of certain glasses and carbons the 
ttice constants appeared to vary with the crystal-size in accordance with Lennard- 
bnes’s theory. No certain conclusions could be drawn, however, because it was 
| question of detecting slight differences in the diameters of ill-defined haloes. 


a 
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Owing to the far shorter wave-lengths available in electron-diffraction, it is quite 
easy to obtain a hundredfold increase in definition as compared with X rays when 
the overall dimensions of the diffracting crystals are less than about 100 A“? For 
this reason, and in order to put Lennard-Jones’s theory to the test of experiment in 
the case of ionic compounds, determinations of the lattice constants of a series of 
alkali halides were carried out by the diffraction of high-speed electrons. Gold leaf 
was used and the results were checked by using the C—C spacing in the cleavage 
plane of graphite as a dimensional reference standard. 


§2. EXPERIMENTAL 


The camera was made in the Winnington Research Department of Messrs 
I.C.I. (Alkali) Ltd., from designs based on that of the instrument described else- 
where“, The cathode and camera sections were, however, separately evacuated by 
means of independent oil-vapour diffusion pumping systems, both backed by a 
high-speed rotary oil pump operating at about o-or1 mm. The diffusion pumps 
could be bye-passed by means of wide-bore Audco valves, an arrangement which 
permitted of opening the camera without cooling off the pumps and thus contributed 
greatly to an increased speed of operation. 

Transmission patterns were recorded from specimens set up in one of the 
following ways: (i) Alkali halide was deposited on gold leaf, giving a composite 
diffraction pattern. (ii) Alkali halide or graphite was deposited on an amorphous 
collodion film supported on nickel gauze and gold supported on gold or nickel 
gauze. Double-shutter patterns were recorded in this case. (ii) The halide on 
collodion and that on gold were supported side by side and so close together on the 
same gauze that the electron beam, 0-1 mm. in diameter, passed through part of 
each specimen simultaneously and gave a composite alkali-halide and gold pattern. 

The 24-ct. gold leaf supplied and guaranteed free from alloy by Messrs G. M. 
Whiley Ltd. was thinned in the usual manner by being floated on N/50 KCN 
solution and washed in several changes of distilled water. Samples of the leaves 
used in these experiments were double-shuttered with each other and also with — 
specimens from the book originally used by Finch and Wilman in their determina- 
tion of the lattice constants of zinc oxide. No difference could be detected in the 
corresponding lattice constants. 

The lithium, sodium and potassium halides were the pure reagents supplied by 
Messrs Hopkins and Williams Ltd., mostly for analytical purposes. They were 
tested for those normally occurring impurities, other than waters of crystallization, 
the presence of which might be expected to affect the lattice constants. Thus, the 
sodium and potassium fluorides contained less than 0-05 and 0-2 per cent re- 
spectively of chlorides, and the sodium chloride less than 0-2 per cent of sulphate. 
The lithium and potassium salts gave the sodium flame test, but in no case was 
sodium present in sufficient amount for detection by precipitation as the di- 
hydroxytartrate or zinc uranyl acetate. The potassium chloride was free from 
magnesium. Nitrates, bromides and iodides proved to be absent in the case of the 
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Figure 1. Gold (left) and lithium fluoride (right). Figure 2. Potassium bromide superimposed on gold 


igure 3. Sodium iodide superimposed on gold. Figure 4. Graphite (left) and gold (right) 
right). 
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| fluorides and chlorides. All the salts were completely soluble in water. The dried 
) graphite contained 0-30 per cent of mineral ash. 

The specimens were prepared by flashing in a vacuum of the order of 10-* mm. 
from an appropriately coated tungsten filament, a procedure which removed any 
water of crystallization and would tend to reduce the amount of impurities if any 
| were present. ‘The graphite specimens were prepared by the evaporation of a dilute 
colloidal graphite solution (Aquadag) on a supporting collodion film. 


§3. THE RESULTS 


It will suffice for present purposes to reproduce four typical patterns: figure 1, 
lithium fluoride double-shuttered with gold; figure 2, potassium bromide super- 
imposed on gold; figure 3, sodium iodide superimposed on gold; and figure 4, 
graphite double-shuttered with gold. It will be seen that they are such as to lend 
themselves well to accurate measurement. The results are set forth in the tables, 
and in order to illustrate the general method of computing the lattice constants, all 
necessary steps are given in table 1 in the case of the pattern for lithium fluoride 
double-shuttered with gold, figure 1. 


Table 1. Plate F 118. LiF on collodion double-shuttered with gold 


Z Ring- log 2AL é 
_ Ring- ee Origin from gold |. oe ae 4 a rh a 
intensity (mm.)- a= 4-070 A, | interpolate ‘ 

V.S. 22°245 Au III 1°7183 

S 22°485 Lif 111 1°7183 4°025 

s. 25°705 Au 200 1°7183 

s. 25°95 LiF 200 1°7183 4:026 
*s, 30°335 Au 220 1°7184 

s. 36°72 LiF 220 1°7183 4°027 

S: 42°605 Au 311 1'7187 

Ss. 43°03 LiF 311 1°7184 4/030 

f. 44°53 Au 222 17186 

Ss. 44°95 LiF 222 1°7184 4°030 

f.m. 51°41 _ Au 400 1°7183 

f.m. 51°985 LiF 400 1°7186 4°029 

m. 55°99 Au _ 331 17184 

m. 567595 LiF 331 . 1°7186 4°029 

m.s. 57°45 Au 420 1°7188 

m.s. 58°125 LiF 420 1°7187 = Ager 

fom: 62°985 Au 422 1°7188 3 

m.s. 63°65 LiF 422 1°7188 4:02 

m.s. 66°82 Au 511 1°7187 s 

f.m. 67°52 LiF 511 1°7188 4°02 

f.m. 72°74. Au 440 1°7188 

f.m. 73°545 LiF 440 1'7190 4°027 

m. 76:05 Au 531 1°7190 a, 

m. 76°945 LiF 531 I°7190 4°02, 

m. 77°20 Au 600 1°7189 

m. 78°07 LiF 600 I°7190 4°024 

m. 81°34 Au 620 1°7189 ie 

f.m 82:26 LiF 620 1°7191 4°02 

f. 84°44 Au 533 17194 

Mean from fourteen LiF rings 4027) Birt 
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In column 1 the diffracted intensities are recorded as v.s. very strong, s. strong, 
m.s. medium strong, m. medium, f.m. faint to medium, and f. faint. The ring 
diameters were measured between opposite maxima by means of a Cambridge 
travelling microscope, so arranged as to project a hair-line image onto the photo- 
graphic plate. log 2AL in column 4 was calculated from the equation 

4:070D 
E ~/(h2 + e+ 2) eisisieisi= (1), 
where A is the wave-length in angstroms, L is the camera-length in millimetres, 
D is the diameter of the ring in millimetres, and h, k and / are the Laue indices 
defining the diffraction. ; 

The values of log 2AL in column 5 were obtained by interpolation from those in 
column 4, whence a for lithium fluoride in column 6 is given by 


 2ALA/(W2 +R? +P) 
a= D ‘. 


2A 


The advantage of this apparently roundabout procedure is that any deviation from 
Bragg’s law such as might occur, for example, in the event of the refraction of 
electrons entering and leaving the same crystal-face, would immediately be made 
evident. The slight increase in the values of log 2AL with increasing ring-diameter 
is due to the fact that equation (1) assumes a spherical recording-field, with a radius 
of about 48 cm., about the effective specimen, whereas the photographic plate is in 
fact flat. The complete final results are given in table 2. 

In the specification of the crystal-size, “‘small”’, ““medium”’ and ‘‘large”” mean 
about 40, 60 and 100 A. or more, respectively, but the large crystals were probably 
submicroscopic as judged by ring-homogeneity. Some specimens yielded sharp 
continuous rings with superimposed spots; they consisted of large and very large 
crystals. Since the measurements were made to the homogeneous portions of the 
rings, however, the effective crystal-size in such cases was large, and has been entered 
as such in column 6, table 2. 

The overall error in the graphite results is, as in the case of all double-shutter 
patterns, almost certainly due to change in camera-length by amounts of the order — 
of 1mm. or less, such as is sometinies difficult to avoid on translation of the 
specimen-carrier between exposures, when the second specimen-half is being 
brought into the electron beam. 

In table 3 are given the means of the lattice constants as set forth in table 2, 
together with the corresponding X-ray values and the differences between the 
lattice constants as found by electron-diffraction and X-ray-diffraction respectively. 
Unless the contrary is stated, the X-ray values are those due to Ewald and Hermann’s 
critical selection in their 1931 supplement to the Strukturbericht of the Zeitschrift 


fiir Krystallographie. As far as we have been able to ascertain, all the X-ray values, 


including that of gold, are referred to that of sodium chloride (a= 5-6280 A.) either 
directly or through secondary standards. Finch and Wilman’s® electron-diffraction 


D5 (6) * 
and Bunn’s ~ recent X-ray values of the lattice constants of similar samples of 
coagulated zinc-oxide smoke have also been included in table 23 


| Table 2 
— Ree Type of pattern ee Mean value Crystal-size 
| than gold of a (A.) 
LiF F 117 Double-shutter I 6 4:028 e ee Medium 
LiF F 118 Double-shutter 14 4°027 ¥ ee Medium 
LiCl F 72 Superimposed Gf 5°136 cs Noe Large 
LiBr F 171 Double-shutter 15 5°50 e eee Large 
LiBr B27 Double-shutter 16 5°490 ee ae Large 
| Lil F 176 sla ~- 15 6-019 7 ita Medium 
| NaF F 53 Superimposed 4 4°641 x Bade Small 
NaF F 170 Double-shutter 4641 t eee Small 
NaCl F 36 Superimposed 5:672 a Bae Medium 
/NaCl F 34 Superimposed 9 5:666 e Bey, Medium 
/NaBr ese Superimposed 6 5°966 " more Medium 
| NaBr F 51 Superimposed 9 5959 ay ere Large 
i Nal F 69 Superimposed 7 6:468 ci one Large 
i Nal F 68 Superimposed 10 6-469 a Sees Large 
KF B 719 Superimposed 5°356 a ete Small 
KCl F4 Superimposed 6 6-321 ae Boe Medium 
KCl F6 Superimposed 5 6°317 sy pee Medium 
KBr F ir Superimposed It 6°631 E es Large 
KBr F 12 Superimposed II 6:630 ‘si Bie Large 
KI Fx Superimposed 7 7:078 a pies Medium 
Graphite F 90 Double-shutter 3 2°462 i ae Large 
Graphite F 96 Double-shutter 3 2°4.60 = Bee Large 
raphite F 99 Double-shutter 3 2°449 i eee Large 
Graphite F 102 Double-shutter 3 2°459 a se Large 
raphite F 104 Double-shutter 4 2'453 z eae Large 
raphite F 107 Double-shutter 4 2°466 ef pee Large 
raphite F 109 Double-shutter’ 4 2°456 “ Soa Large 
raphite 1B iar) Double-shutter 4 2*4 55 Es abe Large 
raphite ip sey Double-shutter 3 2°460 * ae Large 


* The width of the error in this case was due in the main to the faintness of the sodium 
mide rings in this one pattern. 


go 


From the results set forth in table 3 it will be seen that the values of the lattice 
constants of lithium fluoride, chloride and bromide, of sodium bromide and iodide 
and of potassium fluoride as determined by electron-diffraction agree within the 
experimental error with those previously found with X rays though, except in the 
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§4. DISCUSSION OF RESULTS 


Table 3 
a Sse) referred 
y electron- : 
Substance Type of Crystal-size| diffraction to a (A.) by Difference 
pattern the value 4:070 X rays (A. 
of Ayu 
LiF Double-shutter | Medium 4°027 £0°:005 | 4:020+0:002 +0007 
LiCl Superimposed Large 5°136 +0°003 | 5°143 +0:006 — 0'007 
LiBr Double-shutter | Large 5°495 +0:008 | 5:489 +0:006%") | +0006 
Lil Adjoining Medium 6:019 +0°005 | 6:000 + 0:007 +0:019 
specimens 
NaF Superimposed Small 4°641 +0:004 | 4°619 +0°002 +0:022 
Double-shutter 

NaCl Superimposed Medium 5°669 +0°005 | 5:6280 +0041 
NaBr Superimposed Large 5°963-4 0°005 | 5:962 + 0:002 +0:001 
Nal Superimposed Large 6:469 + 0°005 | 6:462 + 0°:006 +0:007 

KF Superimposed Small 5°35040'010 | 5°36 ? 
KCl Superimposed Medium 6:319+0°005 | 6:277 +0:002 +0:042 
KBr Superimposed Large 6:630 +0°004 | 6:586+0:002 +0°044 
Kies Superimposed Medium 7:078 +0:008 | 7:052 +0:003 +0:026 

Graphite | Double-shutter | Large 2°458+0'005 | 2:45 +0:03 (19) ? 
ZnO Superimposed Large Aa=3°258 + 0:005 @W—=Be2426 +0°015 
€ = 5239 + 0°005 c=5'1948 +0:044 


case of lithium chloride, there is a marked tendency for the electron-diffraction 
values slightly to exceed those due to X rays. On the other hand, lithium iodide 
sodium fluoride and chloride, and potassium chloride, bromide and iodide are like 
zinc oxide, in giving by electron-diffraction values of the lattice constants higher 
than those obtained with X rays. The differences in most cases greatly exceed the 
combined experimental errors due to both methods. In what follows it is our object 
to elucidate the origin of this discrepancy. 

The gold-leaf reference standards employed in these experiments were with 
drawn from the same book. The lithium fluoride and bromide, the sodium fluoride 
and two graphites (F 113 and 114) were compared with the same gold specimen. 
Of the remaining fourteen gold specimens, seven were compared by the double- 
shutter method with graphite specimens prepared from the same batch. As is 
shown in table 2, the individual values of a for graphite agree satisfactorily. In all 
the graphite specimens the crystals were oriented with the slip planes parallel, or 
nearly so, to the collodion substrate. The approximate size and shape of colloidal 
graphite particles have been determined by electron-diffraction by Jenkins and. 
more recently by Finch, Quarrell and Wilman“®. The fact that beautifully clear and 
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arp ring patterns can be obtained by transmission through such graphite films 
hen they are supported on collodion shows that the average particle-size is about 
‘0 A. or less along the c axis, but greater in directions normal to that axis; whilst 
flection experiments suggest that the particle extent in the planes of the carbon 
*xagons exceeds 600 A. Thus, bearing in mind the weak attraction between the 
sighbouring hexagon planes and the very strong C—C bindings within the hexagons, 
may reasonably suppose that for the range of particle-size employed in these ex- 
2riments the value of a for graphite is virtually independent of the crystal-size. 
rom the results recorded in tables 2 and 3 we may therefore conclude that, within 
‘he present limits of accuracy, the lattice-dimensions of the gold leaf serving as 
ference standards in these experiments were constant. It should be noted, how- 
ver, that, owing to the limited accuracy with which a for graphite has been de- 
‘mined by X rays, it cannot be assumed that our results prove that the lattice 
/ynstant obtained for the gold was equal to the X-ray value. 

Impurities in the halides examined might affect the values of the lattice constant. 
avighurst, Mack and Blake“* were, however, unable to detect any such effect in 
ne case of ammonium and caesium chlorides containing less than 3 per cent of 
otassium, caesium or rubidium chlorides, and Vergard and Hauge“ have shown 
sat the lattice-dimensions of mixed crystals of potassium chloride and bromide 
jary linearly with composition between the appropriate limits. Thus it seems clear 
hat, in order to give rise to differences of the order of magnitude observed in some 
iF our experiments, gross amounts of impurities would have had to be present in 
ze specimens, whereas analysis showed the materials to be free from all but 
Jegligible impurity-contents. Furthermore, in the case of the potassium halides, 
‘ye tendency of any chemically likely impurity would have been to reduce, but not to 
pperease, the values of the lattice constants. 
| The halide specimens were supported on either gold or amorphous collodion 
Jabstrates. Finch and Quarrell@° have shown that the substrate can exert a pro- 
‘bund effect upon the structure, and hence upon the lattice constants of a deposited 
jim. It cannot be supposed, however, that any such pulling into step by the gold 
bstrate of the constituent atoms of the halides occurred in our experiments, 
ecause one of the two sodium-fluoride specimens was superimposed on gold and 
jue other on amorphous collodion; nevertheless, both gave results which are in good 
jgreement with each other, though they are higher by 0-4 per cent than the corre- 
i onding X-ray value. Furthermore, whilst lithium chloride, and sodium iodide 
lnd bromide, all superimposed on gold, gave normal values, similarly mounted 
Ipecimens of sodium fluoride and chloride, and of potassium chloride, bromide and 
idide yielded high electron-diffraction values, in some cases exceeding the corre- 
ponding X-ray constant by as much as 0-7 per cent. Finally, although the lithium 
thloride was deposited on gold but the other lithium halides on collodion, only the 
bdide gave a high value. Thus these facts seem effectively to negative any explana- 
‘on of the differences between the electron and X-ray results as being due to a 
fubstrate effect. 
| Thomson“® has considered the possibility of electrons entering and leaving 


| 
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through the same crystal faces in polycrystalline specimens. If the crystals were too 
thick to transmit, this would result in a decrease in ring diameters, relatively large 
in the case of the inner rings, but decreasing rapidly with increasing angle of re 
fraction, and becoming negligible in the case of the outer rings. As may be seen from 
table 1, which may be taken as representative of our measurements, we have, how 
ever, in no case been able to detect any systematic variation either in log 2AL or in 
the lattice constants deduced from the ring diameters on proceeding outwards from 
the central spot, other than that due to the flatness of the recording field, an effec 
which is at least ten times smaller than the refraction effect now under consideration. 
Again, irrespective of whether the rings are sharp, as in the case of large crystals, or 
broadened, as in the case of small crystals, the diameters measured between opposite 
maxima always lead to lattice-constant values which are independent of the ring 
diameters. Furthermore, we would expect any pronounced refraction effect to be 
accompanied by much intense background (zero order) within the innermost ring; 
apart from the usual halation in the immediate vicinity of the spot, however, the 
patterns are singularly free from such background. Thus these facts and considera 
tions seem to preclude any possibility of accounting for the abnormally high 
electron-diffraction values of the lattice constant in terms of refraction by exposed 
faces. 

To sum up. The discrepancies between the X-ray and electron-diffraction 
values of the lattice constants of certain of the alkali halides enumerated in table 3 
cannot reasonably be attributed to (i) a variation in the lattice constant of the gold 
reference standards, or to (ii) impurities in the halides examined, or to (iii) lattice- 
distortion through a substrate influence, or to (iv) the coming into play of refractive 
index effects. 

Excessive tolerance in the critical angle of incidence, exceeding, say, 5°, such as” 
has been shown by Finch, Quarrell and Wilman“® to occur with crystals of extreme 
thinness in the direction of the beam, would lead not only to a broadening of the 
rings, but also to an increase in diameter as measured between maxima. Such an 
effect was not observed and would in any case have led to low electron-diffraction 
values for the lattice constants. 

It is possible from certain features of the patterns to form a very rough estimate 
of the average size of the halide crystals in the specimens examined. The absence 
of effects due to excessive tolerance in the angle of incidence suggests a lower limit 
of particle thickness of roughly 50 A. in the direction of the beam. The freedom 
from background, particularly inside the innermost rings, places the upper limit of 
particle thickness as well within 150 A. From the ring definition it can be calculated"? 
that the mean overall crystal dimensions in directions normal to the beam varied. 
according to the specimen from about 40 A. to 100 A. or more, and very much more 
in the case of those crystals which gave rise to spots. In those patterns where spots 
were obtained, however, they were always superimposed on continuous rings, and 
since the rings but not the spots served for measurement, the effective crystal-size 
was of the same order as for those specimens that yielded patterns with perfectly 
sharp rings without spots. No possible diffraction was found to be missing in any 
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1} the halide patterns. This fact suggests that there was little if any orientation of 
‘te crystals. Hence, in view of the cubic symmetry and the clarity of the patterns, 
*| seems reasonable to suppose that the upper limit in the dimensions of the effec- 
ively diffracting crystals was less than r5o A. in every direction. Whytelaw-Gray and 
thers“® found that zinc-oxide smoke on coagulation formed chains of beads about 


mt-oxide patterns are such that the overall dimensions of the effectively diffracting 
‘fystals in their specimens must have been not less than 100 A. and not more than 


‘ch as virtually to preclude their contributing to the diffraction pattern. Con- 
*prsely, in the case of a similar coagulated zinc-oxide smoke examined with X rays 


ameter of the order of 100 A., would with X rays in any case give rise only to ill- 
efined haloes. Thus it appears certain that although their zinc-oxide specimens had 
en prepared in a similar manner and from the same batch of zinc of forensic 
ality, Finch and Wilman in effect obtained their patterns with crystals of sub- 
icroscopic dimensions, whereas those which were effective in producing Bunn’s 
sry sharp X-ray powder patterns were at least ten times larger. Similarly, in the 
se of the halides there is little room for doubt that there existed a similar or even 
uch greater difference in size between the crystals diffracting electrons and X rays 
‘spectively. 

In the light of these facts and considerations, and in the absence of any other 


ffraction and X-ray diffraction respectively are due to a real variation in the lattice- 
“mensions with crystal-size. In general, the effect is such that the lattice constants 
}ypear to be larger for the submicroscopic electron-diffracting crystals than for 


tis may be, the results set forth above enable the conclusion to be drawn that 
tystal-size can and sometimes does exert an appreciable effect upon the lattice- 
jmensions of ionic crystals. 
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‘IBSTRACT. The specific heats of aqueous solutions of potassium chloride have been 
sneasured between 15° C. and 45° C., over a range of concentration 31, N to 2:5 N. The 
“nethod of measurement employed was that devised by Ferguson and Miller, slightly 
‘nodified for use with conducting liquids. ° 


§1. INTRODUCTION 


N continuation of an investigation of some of the physical properties of solutions of 
strong electrolytes carried out in this laboratory during the past few years ’*»3>#), 
it was considered desirable to study the variation of their specific heats with 

emperature and concentration. There is quite an extensive literature on the subject, 

‘he most valuable work being that of Randall and Rossini®® and of Richards and 

is collaborators™. Much of this, however, did not relate to the direct measurement 

‘if specific heat, which was calculated from the heat of dilution. Further, most of 

he work was carried out at 25° C., and it seemed therefore desirable that observa- 

ions should be made over a much wider range of temperature. 


4 


| §2. METHOD 


| The method employed was that described by Ferguson and Miller®. Their 
‘measurements showed that it was capable of quite high accuracy. Since the publica- 
‘ion of their first paper they have made an extensive series of measurements on a 
‘number of organic liquids.* They have used a calorimeter of about half the capacity 
if the original, i.e., about 500 cm?, while the voltages were measured on a more 
‘ccurate type of potentiometer reading to 1zV. It was this apparatus that was used 
‘nm the present work. 

_ The thermometer which recorded the temperature of the calorimeter and its 
hontents was a first-grade instrument supplied by B. Black and Son, graduated in 
fenths from —10° to 105° C. With the aid of a low-power microscope readings 
ould be taken to 0-01°. This thermometer was calibrated at the National Physical 
‘Laboratory against the standard thermometers, at intervals of ten degrees from 0° 
+o 100°, the limit of accuracy of the test being +0-02° C. The calibration was for 
partial immersion. It is possible to read a temperature on a descending scale, in 


| 


* Unpublished. 
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spite of this being usually regarded as a difficult operation as is evident from th 
smoothness of the cooling curve. 

It will be recalled that electrical power is supplied to the copper calorimeter an 
its contents to hold the temperature stationary 5°, 10°. . . above that of the surround 
ings. If E?/R watts* are supplied and the temperature excess over the surrounding: 
is 0° we have 


dé do FE? 
— Aa —(MS+W) G= TR ae (1), 


where M is the mass of the liquid in the calorimeter, S its specific heat at a tempera 
ture 6° above that of the surroundings, W the water equivalent of the calorimeter 
and its accessories, and —d6/dt the rate of loss of heat from the calorimeter and its 


contents at temperature-excess 0°. 
It is found empirically that 


dé 5 
| —= dt = K0t = > 3 NP eee (2). 
The validity of this equation may be established as follows. Integrating (2), we have 
0-4 = 0p-E=4 KE ol ce a eee (3). 


A series of values of 6 and ¢ are obtained from a cooling experiment, so that if we 
plot 6-4 against ¢ we should obtain a straight line, the slope of which determines K, 
if equation (2) holds. K is a constant for a given solution and calorimeter, but 
varies slightly from solution to.solution. It is separately determined for each run. 
We thus obtain the equation 
(MS+-W) K0t=E2/RJ--" eee (4), 

for the determination of S. 

The water equivalent is determined by making a complete run with water as the 
experimental liquid, and substituting values taken from the International Critical 
Tables for the specific heat of water. This gives the relation 


W7 = W, (1 +0:0005009 T) 


for the variation of the water equivalent with temperature, where T is in degrees 
centigrade. 


§3. MODIFICATION OF CALORIMETER FOR CONDUCTING LIQUIDS 


It was obvious that for conducting liquids such as electrolytes it would be 
necessary to insulate the heating-coil and leads. A very thin coat of cellulose lacquer 
was applied to the coil, leads, and inner wall of the calorimeter, but a run with a 
normal solution of potassium chloride soon revealed the necessity for better insula- 


tion and for keeping the solution from contact with copper. The calorimeter was 
therefore chromium-plated. 


__ * International watts, the appropriate value of J being 4:1845. If we follow the recommendation 
in the S.U.N. report of the International Conference on Physics, that the unit of heat when measured — 
in units of energy be the force defined as 107 ergs, the value of J is 4:18,. This change involves an 

alteration of about 0:05 per cent in the values of specific heats given in this paper. | 


it 
i}, 
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After a number of methods of insulating the coil had been tried, that finally 


jused was to apply a thin coat of Bakelite varnish which was baked on. 


Apart from these minor though necessary alterations, Ferguson and Miller’s 


procedure was adhered to throughout. 


§4. RESULTS 


All measurements were made with accurately prepared solutions, the water 


being obtained from a conductivity still. The salts were of analytical-reagent 


standard. As soon as the solution had been prepared it was put into the calorimeter 
and a complete run was carried out. The solutions were never allowed to stand in the 
calorimeter for more than two days. As a rule the whole experiment was completed 
within six or seven hours. 

The results of the measurements on solutions of concentrations ranging from 
io N to 2:5N are collected in tables 1 and 2. In this work a normal solution is 
defined as one containing 1 gram-molecule (74:553 g.) of potassium chloride in 
1000 g. of water. When the results are plotted it is found that the temperature 
coefficient decreases with concentration, until with a }N solution it is zero within 
the limits of experimental error. Below this concentration an approximately 
parabolic curve is obtained when specific heat is plotted against temperature, as in 
the case of water.* 

Table x 


(a) Heating experiments. Normal solution of potassium chloride. 
Mass of liquid, 495°45 g. 


| T 

/ E(V,) ranees og ner toe ‘Temperature Water Specific 

| surroundings | calorimeter eee eS equivalent W heat 

| 
o' 1841 13°34 1521 1°87 66°47 O'OIT, 

| soe 13°34 18:96 5°62 66-64. 0°9129 
0757049 13°35 24°75 11-40 66°83 0°9125 
0°71 80, 13°36 29°82 16°46 67:08 0'913¢4 
0-91 18, 13°36 37°44 24°08 67°38 O°9151 
I'0136, 13°37 41°87 28°50 67°48 09163 


(b) Cooling experiments. K=0-06972 x 107°. 


- Temperature | Temperature Y 
Bo crure deme rere Time e pe pe Time 
calorimeter | surroundings; 4 (sec.) calorimeter | surroundings| ~ ? (sec.) 
Beg? 13°34 fo) 26°33 13°36 2400 
30°59 13°35 300 25°32 13°35 3000 
29°88 13°36 600 24°46 13°35 3600 
28°59 13°37 1200 23°62 13°35 4200 
27°29 1 QOR7/ 1860 18°50 13°33 10200 


While the accuracy of the work is quite reasonably high, it is not however suffi- 
ciently great for us to calculate some of the associated thermodynamic functions 


* Work on the specific heat of water is now in progress. 
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Table 2. Potassium chloride 


2 sNi ip de (2 Ga) er 5cOn 19°14 | 23°32 | 25°79 | 31°66 | 37:20 =| 40°53 
S 0°813g | 0°814,! 0°816,| 0°8177,| 0°820,| 0°8223 08245 


ZINE || FEC (C2) || aie 17:06 "| 21°13 20:22) 30:47 9133781 36°65 | 40°04 
S 0°83) | 0°8405 | 0°8422| 0°8437| 0°8452| 0°846) | 0°8471| 0°84 


r5N | T(°C.) | 14:94 | 18:95 | 24°96 | 28:57 | 32°90 | 38:24 | 45-06 
S 0°872, | 0°8735| 0°8750| 0°8755| 0°8765;| 0°8773| 0°8794 


CES IN | GLE (Ca aaton 28:97 | 34°48 | 40°85 | 44°41 50°64 
S 0°93Ig | 0°9324| 09333] 0°9341| 0°9342| 0°9350 


CEINe IE (Ca) air 20°95 26°76 | 31°48 | 33°90 | 38°42 =| 42°78 
S 0°9556| 9°9552| 9°9556| 0°955s| 9°9554| 0°9557| 0°955s 


CHEUNG || PEI (Ca) |) aera, || BRAG 29°81 | 36°34 | 42°63 
Ss 0°956) | 0°9557| 0°955s) 9°955a| 0°9561 


Cpe () 42 (EO) iy LO730 . | 23°86) s-|-201t4 Bere 38:82 43°15 
S 0'988,; | 0:987;| 0°9872| 0°987, | 0°9875| 0°9875 0-988, 


such as the apparent partial molal heat-capacity of the electrolyte. It is not therefore 
possible to test the agreement of the present data with the Debye theory which 


predicts that the partial molal heat-capacity should vary linearly with the square 


root of the concentration. For such calculations to be made an accuracy of about 
I part in 10,000 is required. 

Randall and Rossini have derived the expression 

Cp= 214 ly, 2) C.  ereeee (5), 

where C, is the partial molal heat-capacity, and m the molarity, while Xv, 2,2 is the 
valence factor. C,, is the value of the partial molal heat-capacity at infinite dilution. 
Later work may permit of a strict test of the above relation over a temperature- 
range, its validity at 25° C. having been proved for a number of electrolytes of 
different types. 

Theory does not predict any simple relation between specific heat and concen- 
tration, nor do the experimental data suggest one. The equation connecting the 
specific heat and the partial molal heat, 


1000 1000 
Cy=S es +M| = ray eeceee (6), 


taken in conjunction with the theoretical relationship between C,, and the concen- 
tration, equation (5), shows immediately that the specific heat is a complex function 
of the molarity. 


§5. CONCLUSIONS 


The present preliminary note is designed to show the possibility of determining 
the specific heats of solutions of electrolytes and their variation with temperature 
over a relatively wide range of temperature with a fairly high degree of accuracy. In 


~ 
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later communication it is hoped to extend these results in range and in accuracy, 
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ABSTRACT. The conductivity of an orifice in an infinite plane of negligible thickness 
was shown by the late Lord Rayleigh to be equal to its diameter d. The writer extended 
this formula to include the conductivity when one side of the plane is enclosed by a 
concentric pipe of diameter D, which thus forms a cylindrical resonator fitted with an 
infinite plane at the mouth, and deduced the expression d.24/? for the conductivity. 
This expression is supported by experimental results quoted in the present paper. 


infinite atmosphere of the fluid from an orifice in an infinite plane is equal — 

to 1/4kr, where k stands for the conductance of the medium and r for the 
radius of the orifice.* This formula also holds if the current enters the orifice from 
the semi-infinite atmosphere, hence the resistance encountered by the alternating 
current in passing into a semi-infinite atmosphere from a similar atmosphere 
through an extremely thin orifice is given by 


1/2kr. 


By putting k equal to 1, we make the conductivity of the orifice 27, which is equal — 
to the diameter and is the well-known value for the acoustical conductivity for such — 
an orifice. 

If, however, the efflux takes place through a pipe of radius 7 terminating in an 
infinite flange, the resistance due to the orifice is 1/4kr, and therefore the con- 
ductivity of the latter is 2d, where d is the diameter. 

If the pipe is of larger radius than the orifice, the conductivity will lie between 
d and 2d. The writer has shown™) that the expression 


C=d.24?, 


closely represents the conductivity C of an orifice of diameter d in the end of a 
pipe of diameter D, fitted with an infinite flange. 


N. W. Robinson™) used this formula for calculating the conductivities of orifices 


aE HE resistance experienced by an alternating current of fluid entering a semi- 


* The resistance 1/4kr is only true for direct current, but is very near the truth for a.c. of low - 
frequency. Rayleigh made this assumption in developing the theory of resonators, see Sound, p. 170. 
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_ eon with results obtained by him experimentally and shown in the 
table. 
Table 


| | Diameter d of orifice (cm.) 40 


35 | 30 | 2:5 
1 | . ‘4 
; oo of conductivities | -*perimental | 8:38 | 6°67 | 5:30 | 4:05 
s||| at to I ./sec. | 

75 to 1120 ¢./sec. | Calculated | 7-02 | 5°73 | 4°58 | 3°56 


§| | Reduced conductivity at 875 c./sec. 69 | 5°72*| 4°62 | 3°54 


* The actual figure given for the 3-5-cm. orifice is 5-53, b ble, i 
: L : 53, but, from the run of the table, it appears 
at this should be 5-23. This reduces, for a thin plate, to 5-72, the value given above. 


Unfortunately, in these experiments it was necessary for the diameter of the 


*| the sound used. Robinson used frequencies of 875, 912, 1000 and 1120 c./sec., and 
#) his results show a considerable increase of conductivity with frequency in practically 
sjevery case. ' 


Diameter of orifice (em.) 


Conductivity C of orifice 
Figure 1. @ Formula, C=d.2¥; x Robinson, experimental; O Robinson, reduced results. 


: The experimental results given above are the mean values for the four fre- 
| quencies, whereas the values for the lowest frequency, quoted in table 3 of Robinson’s 
paper“ have, when reduced so as to be applicable to a thin plate, the values shown 
in the last line of the accompanying table. 

| It will be seen from the graph that these are practically the same as the calculated 
| values, and therefore confirm the formula. 
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ABSTRACT. By the capillary-flow method the viscosity of liquid tin has been measured 
over a range of temperature just above the melting-point. The kinetic-energy correction 
has been determined independently by the use of Knibbs’s graphical method. The 
viscosity values are in good agreement with the measurements of Stott, and confirm the 
general accuracy of the work of Sauerwald and Tépler. The temperature variation of the 
viscosity and the value at the freezing-point can be adequately represented by Andrade’s 
theory of the viscosity of liquids. 


$i. INTRODUCTION 


properties of the metal tin it was realized that more reliable data were needed — 

for the viscosity of the liquid metal at temperatures near the melting-point. 
‘This paper gives a brief account of detailed measurements of the viscosity of liquid 
tin over the range of temperature 235° C. to 330° C. 

The viscosity of liquid tin and other metals has been measured by Arpi™, 
Pliiss™, and Sauerwald and Tépler®, using the capillary-flow method, and by 
Fawsitt™, using the oscillating disc method. The results obtained differ consider- 
ably; the measurements of Sauerwald and Tépler appear to be the most accurate 
of those mentioned. 

Recently measurements on the viscosity of liquid tin have been made by Stott 
by the use of an oscillating disc. By using the results of Sauerwald and Tépler for 
calibration purposes, Stott has extended the range of temperature for which the 
viscosity may be taken as fairly well established, but has pointed out the desirability 
of checking the measurements of Sauerwald and Topler. 


I: the course of a series of investigations on the temperature variation of certain — 
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After a close examination of the available methods, the capillary-flow method 
was chosen since it appeared most capable of providing absolute values; all oscil- 
latory methods were rejected owing to the theoretical uncertainties which they 
involve. 

The capillary-flow method is that in which the time ¢ taken by a known volume 
V of the liquid to flow through a vertical capillary tube under a known pressure- 
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i= P is measured. If 7 is the radius of the capillary and / its length, the Py ry 


»|Niscosity 7 is given by the simple Poiseuille relation pre 
ait 
a sie 


 jall corrections being ignored. 


§3. THEORETICAL CORRECTIONS 


The kinetic-energy correction. The simple Poiseuille law is derived on the 
‘| assumption that all the energy supplied during flow is used in overcoming viscous 
*}resistance within the fluid. If moderate or high speeds are used, a correction for the 
/}gain in kinetic energy is necessary. The final formula for the viscosity with this 
i{correction was first given by Hagenbach as 


_awPtr* mVp 
mae CIy Tae (Chap ecceee (a 


‘where m is a constant and p is the density of the liquid. Mm, p 
Various theoretical values of the constant m, ranging from 1:00 to 1:12, have 

| been proposed from time to time. In practice, however, there is evidence that m 

is not strictly the same for all tubes and that it may even vary slightly for a single 

| tube. The kinetic-energy correction is of especial importance in the case of liquid 

| metals, since the density is a multiplying factor in the correction term. 

Knibbs’s method®. Fortunately Knibbs’s experimental procedure provides a 

} valuable method of estimating whether or not m is constant for a particular tube, 


| and for independently estimating its magnitude. Equation (2) can be re-written 


a 


b 
Pt=at+-, 
| 2 
| where oe and poe ; a, b 
I Vii EE 


If Pt is plotted against 1/t for a given tube and liquid, we get a straight line whose 
slope enables m to be calculated. If a close fit is obtained, it may be assumed that 
| m is constant for the tube. 
This method has been applied successfully to many viscosity-measurements, 
| but apparently no attempt has been made in the case of a liquid metal, although in 
_ the latter case the effect of the correction is much more pronounced. The application 
| of this procedure in the present work has been entirely successful. 
The mean pressure head of the metal in the capillary. In calculating the pressure 
effective in producing flow through the capillary for the case in which the liquid 
is forced upwards through the capillary, the mean pressure head of the liquid metal 
must be subtracted from the applied manometric pressure. In general it is not 
“sufficiently accurate to deduct from the applied pressure the arithmetic mean of the 


| initial and final hydrostatic heads, especially when low velocities are used. In these 


} h,, hy 


xy 


Xo 
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experiments the tube containing the volume V was of constant circular section, so 
that simple integration gives for the effective pressure 


H-h 
P=(hy—hy) pg fi ee; | (2), 


where H is the applied pressure head and h, and h, are the initial and final hydro- 
static heads of the metal in the capillary, all in centimetres of metal. This formula of 
course ignores the effect which the kinetic-energy correction has on the value of 
effective pressure. 

The corresponding formula including this correction” is ~ 


where Phe ie (x,/%2) ; 


m= /{1t+K (H-h,)}—1, 
X= +/{1+K (H—h,)}—1, 


_mgp*r 
Te 

A comparison of the two formulae by a series of calculations shows that if K is 
sufficiently small the error introduced by the use of formula (2) can be ignored 
over a wide range of applied pressures. Taking h, and h, as approximately equal to 
5°5 and 8-5 cm. respectively, the percentage difference between formulae (2) and 
(3) is negligibly small down to an applied pressure of about 9:0 cm., if K is less 
than 0:5. With the tubes employed in this work, for which K ranged from 0-18 to 
0:33 for mercury, and from 0-02 to 0-04 for tin, the use of formula (2) gave suffi- 
ciently accurate values throughout. 

The end correction. Allowance was made for the end effect by repeating the 
observations with the viscometer tube shortened by a known amount. The ratio 
of length to diameter was about 200, and the correction amounted to approximately 
O°5 per cent. 


and IK 


§4. DESCRIPTION OF THE APPARATUS 


Figure 1 shows the principal parts of the apparatus used. 

Capillary apparatus. The capillary tube ab was 10 cm. long, with internal dia- 
meter about 0-05 cm. It opened into a wider cylindrical tube EF, 10 cm. long with 
internal diameter 2-5 cm. The join between the capillary and its extension was such 
that the bore did not end abruptly, but was slightly funnel-shaped to facilitate linear 
flow. 

Oxidation of the liquid metal was one of the most important difficulties to be met, 
since traces of surface impurity block the capillary and cause considerable variations 
in results. Oxidation was reduced by circulating hydrogen through the viscometer 
and by using a carbon vessel C as container for the tin. This container was sup- 
ported on a spiral spring S to lessen the risk of breakage of the tube on expansion 
and contraction. ‘The viscometers used were of Vitreosil transparent quartz. 
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| _ The time of flow had to be recorded electrically and was determined by the 
{use of platinum contacts Y, and Y, which defined the measured volume; the 
i contacts and a wire dipping into the metal were connected to an electric timing 
} circuit. The contacts were sealed into the ends of narrow conducting tubes. 

The viscometer was fitted into the outer cylinder D, made of brass, by means of 


} a heat-resisting ring, and the whole apparatus made gas-tight with a high-temperature 
i} cement. 


! 


Electric Furnace 


/ 


y 
i 
i 


jelly 
— 


Figure 1. Capillary apparatus. 


Pressure arrangement. On account of drainage and surface tension it was 
necessary to measure the time taken for the metal to fill the volume V rather than 
the time taken to empty it. The pressure-difference was usually obtained by sending 
jhydrogen under pressure through tap A into the outer vessel. The hydrogen was 
isubjected to this excess pressure by the use of a constant-pressure head device, 
»which could itself be varied. In test experiments with mercury, however, where 
J excess pressures up to 20 cm. of mercury were required, it was convenient to 
jobtain part by reducing the pressure inside the capillary instead of applying the 
)whole pressure to the outer vessel. For this purpose a water pump could be con- 
‘nected to the tap B through a 3-way tap. By using an additional 3-way tap it was 
| possible to send hydrogen through the apparatus in both directions, and to apply 
fexcess or reduced pressure both inside and outside the capillary as required. By 
{this means the possibility of the formation of surface oxide was considerably 


106 A. Ff. Lewis : 


reduced, and the movement of the liquid metal in the viscometer could be con 
trolled more readily after each measurement. Two manometers were used diffe 
entially—a mercury manometer for pressures greater than ro cm. of mercury, an¢ 
a water manometer for smaller pressures. 
_ Temperature-control and measurement. The apparatus was heated in an electri 
furnace 30 cm. long. Temperatures were measured by thermocouples of chrome 
alumel, in conjunction with a precision potentiometer. One thermocouple wai 
placed just above the surface of the metal in the container, and another as near ai 
possible to the volume V between the contacts. Temperatures could be maintained 
constant to within 4° C. for 2 or 3 hours, and to within #,° C. for short periods. 


§5. PROCEDURE 


In all experiments hydrogen was circulated through the sealed apparatus during 
the whole process of heating and melting, and also between observations. The time 
of flow was recorded for a range of pressure-differences at each temperature, and 
each measurement was repeated three or four times. The hydrostatic heads h 
and h, were determined at each temperature by noting the applied pressure: 
necessary just to start the clock and just to stop the clock respectively. ht, whe 
h=P/pg, was plotted against 1/t for each temperature. 


re 


§6. MEASUREMENTS ON MERCURY 


‘The apparatus was tested with mercury in order to determine the accuracy fot 
absolute measurements. Figure 2 shows the results for the two tubes used. It can 


700 


500: 


0-002 0-004 0-006 0-008 0-010 0-012 
1/t> 


Figure 2. Results for mercury. 


be seen that the points lie close to a straight line in each case, and consequently 


the magnitude of the kinetic-energy correction could be determined from the 
experiments. 


The value of m obtained from figure 2 was 1-01 for tube A and 1:12 for tube B. 


ae values of the viscosity calculated from equation (1) for tube A are 0-0158 
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2 


se at 17-5° C. and o 0099, poise at 200° C. Measurements with tube B were 
ide at one temperature only and gave a mean value for 7 of 0-0153, poise at 24° C.; 
results for this tube are shown in table 1. 


Table 1. Results for mercury at 24° C. mie B; radius 0-02549 cm. 


| Applied Effective 2 hare 1 
{| pressure pressure Time Kinetic- Viscosity 
) (cm. of (cm. of (sec.) cnere ys (poises) 
‘|| mercury) mercury) correction 
8-46 1°18 502°5 0700103 OO1541 
9°07 1°95 314°4 0:00164 0°01535 
10°52 B52) 185'2 0:00279 0°01528 
II‘49 4°52 I50°9 0:00342 0°01548 
13°93 6-98 104'9 0°00492 0701538 
Mean 0'0153¢ 


ak 
d 


| 


Table 2. Typical results for tin at 271° C. Tube B 


The fact that the graphical method yielded a series of straight lines showed 
tt, although the kinetic-energy correction was appreciable, the use of formula (2) 
the effective pressures gave sufficiently accurate viscosity values. 


| MEASUREMENTS ON TIN; COMPARISON WITH OTHER AUTHORS 


In view of the satisfactory results for mercury a comprehensive series of obser- 
ions was made with tin over a range of temperature 235° C. to 330° C. The results 
shown in figures 3 and 4. The points marked by crosses in figure 3 relate to 
asurements in which very inconsistent values of the time of flow were obtained. 
th tube B, individual time-measurements usually agreed to 1 part in 150 and 
»pwed that there was apparently little oxidation. 


‘| Applied Effective oe ir csc 
‘| pressure pressure Time INeHC= Viscosity 
Hi} 6(cm. of (cm. of (sec.) ener3y (poises) 
tin) tin) correction 
| 10°59 2°34 626°1 0'00047 0°01785 
| 12/22 4°23 350°6 000085 0'01770 
14°10 6:06 250°2 o:00118 0:01778 
HM} 65°38 Wear 208°5 0:00142 0:01 780 
it. 16°57 8°59 180°3 000164. 0'01770 
| 17°76 10°09 155°2 O-O0019I 001767 
| Mean 0°01775 


{ 500 measurements were made in all. The effective pressures usually varied 
jween about 2 cm. and 10 cm. of tin, and the time of flow ranged accordingly 
700 sec. to 120 sec. approximately. Pliiss’s smoothed values for the density 
liquid tin were used; these are about 0-3 per cent higher than the figures used by 
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Sauerwald and Tépler. The accuracy obtained for the viscosity numbers is abou 
o-7 per cent. ,; 

Table 3 shows the variation of the viscosity of liquid tin with temperature 
these mean values are taken from figure 5, which shows the comparison with th 
results obtained by Pliiss, Sauerwald and Topler, and Stott. The end correctiot 
is made only for the measurements with tube B, since tube A was broken early it 
the course of the work. The effects of expansion were negligibly small except for ¢ 
small correction for the increase in length of the capillary tube. 


1150 


4 } $$ ff 
0-002 0-004 0-006 0-008 


1/t > 


Figure 3. Results for tin, tube A. 


{ 
0-002 0-004 0-006 
1/t > 


Figure 4. Results for tin, tube B. — 


Over the common range these results are from 3 to 7 per cent higher than those 
of Pliiss. The curve cuts that of Sauerwald and Tépler a little above 300° C. 
above this temperature, over the common range, the numbers are from o to 3 pe 
cent higher, and below it they are from o to 1 per cent lower. The best agreem: 
is with Stott’s numbers, obtained with an oscillating disc; up to 300° C. the meat 
difference is less than 1 per cent. This agreement is all the more interesting in view 
of the fact that Stott’s results are to a certain extent based on Sauerwald and 
Tépler’s smoothed values. Undoubtedly the last-named authors’ work was of 
great precision and it is difficult to find any source of systematic error in it. The 
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Table 3. Viscosity of liquid tin 


Temperature Density Viscosity 
| (Exes) (g./cm) (poise) 
235 6-967 O°0195 

240 6-963 o-0192 
250 6-958 0-0186 
260 6-952 o-o181 
270 6-946 00176 
280 6-941 0°0173 
290 6:934 0°0170 
300 6:927 0°0167 
310 6-920 00164 
320 Gone 00162 
- 330 6-909 0:0160 


jct shape of their curve, however, below 300° C. is difficult to ascertain, and it 
s probable that the agreement of the present results with those of Stott is an 
fication of the general accuracy of Sauerwald and Tépler’s measurements. 


240 250 260 270 280 290° 300. 310 320 330 
—> Temperature (°C.) 


Figure 5. Stott: @; broken curve. Sauerwald and Topler: |. Pliiss: @. 
Author: © tube A, x tube B, full curve. 


§8. THE TEMPERATURE VARIATION OF VISCOSITY, AND 
THE VISCOSITY AT THE FREEZING-POINT 


The temperature variation of the viscosity values shown in table 2 can be 
quately expressed by the equation recently proposed by Andrade: 


nut = Aetl™, 
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mercury. The greatest percentage difference between the experimental results fo 
tin and the values calculated from the equation is —1-o per cent, whilst the mean 
difference is o-1 per cent. The agreement is very satisfactory since it is of the same 
order as the limit of experimental error. . 

The viscosity of liquid tin at the freezing-point, deduced from these experiments, 
is 00197 poise, as compared with Stott’s value of o-0195 poise, and Sauerwald and 
Tépler’s extrapolated value of 0-020 poise. All these numbers are in good agree 
ment with the value o-o1g poise calculated for tin according to Andrade’s theory 
of the viscosity of liquids. 


§9. CONCLUSION 


The experiments show that the kinetic-energy correction can be determined 
experimentally, and consequently that absolute measurements of the viscosity can 
be made. The results indicate the general accuracy of the measurements made by 
Sauerwald and Tépler. Their data can therefore be used for calibration purposes 
in Stott’s procedure for liquid metals, for which the flow method is not easily 
applicable. 
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DISCUSSION 


to have a disproportionately large influence on some of the physical properties of 
metals. In particular, impurities that change the melting-point would be expected 
to affect the viscosity just above that point. It would increase the value of the 
paper if the author could give an analysis of the tin after use, that is, after it had 
taken up any free metal that may have been present in the carbon vessel. 


; : ; 
AuTHor’s reply. Various samples of tin were used in the measurements and 


in no case was the purity less than 99-5 per cent. Unfortunately no quantitative 
analysis of the impurities was made either before or after use. 


621.396.674 


ON THE CURRENT-DISTRIBUTION IN A 
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\STRACT. The work described in this communication is a continuation of a previous 
ipstigation on the current-distribution round a short-wave frame aerial. The present 
elopment deals with the determination of an expression for the amplitude of the current 
fay point in the aerial, and the resulting theoretical conclusions are tested. by using a 
falar loop aerial of perimeter 11-3 m. The effect of damping is considered, and the 
able value of the attenuation constant is calculated. 


§1. INTRODUCTION 


{ a recent investigation™ into the properties of loop aerials when used with 
short waves, it was found desirable to have some information concerning the 
distribution of current. This is especially necessary when the ratio of the di- 
isions of the loop to the wave-length is of the order of unity because under these 
ditions the current varies greatly from point to point in the loop. Further, the 
-uniformity of the current affects the radiation characteristics and hence, in 
er to obtain a proper understanding of the action of an aerial of this kind, it is 
rable to know the exact current distribution and how this distribution is modified 
the wave-length changes. It is for these reasons that the following work was 
lertaken. 


: 
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§2. PREVIOUS WORK 


{A preliminary account of the work has already been given in a previous com- 
ication®. It was shown in that paper that when an incident wave or local 
llator actuates a loop aerial at a given point P, figure 1, the electric force causes a 
ge at P to oscillate to and fro at the frequency of the wave. The resulting distur- 
ce travels round the loop with approximately the velocity of the wave in the 
rounding medium and, by considering the disturbance propagated round and 
ad the loop an infinite number of times in both directions, an expression was 
ined giving the position and magnitude of the current antinodes. 

iIt was deduced from the theory that (i) all the current antinodes are at a fixed 
ance from P, which is a fixed point determined by the position of the initial 
ation ; (ii) the distribution of the nodes and antinodes round the loop is fixed in 
tice, and.in the case of a loop used as a receiver it is independent of the orientation 
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of the loop to the wave-front; (iii) the disposition of the current antinodes » 
symmetrical about the line PP’, figure 1; (iv) current antinodes always occur at F 
irrespective of the wave-length; (v) successive current antinodes are 3nd, where nis | 
an integer and A is the wave-length, from P’ measured in both directions round th 
loop. 
In the previous paper a number of preliminary experiments which confirme | 
these results were described. It is the object of the present work to describe th 
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Frame current 


Figure 2. The current-distribution in the square and diamond 
positions. A=3°74 m., J=12°44 m. 


results of more detailed experiments, and to extend the theory so as to facilitate the 
experimental verification of certain deductions concerning the magnitude of t 7 
amplitude variations. j 
The preliminary experiments were carried out with a square frame and the 
current was measured with a thermojunction inserted in the frame wire. Figure 2 
gives the results of some measurements made with a square frame of perimeter 
; aS i ie ne aes caete of 3°74 Mm. The upper graph gives the current- 
frame ts oriented in the square position, i.e. with the wave- 

front parallel to one side of the frame, whilst the lower graph gives the current- 
distribution when the frame is oriented in the diamond position, i.e. with the 
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jave-front at 45° to the side of the frame. In each case the results are, within the 
nits of experimental error, in accordance with the deductions from the theory, but 
|| is also apparent that although the waves remain fixed in space the current- 
}stributions in the two cases are not exactly the same. This is because the actual 
brent at any point of a rectangular frame depends not only on the initial effect 
{ising from the circulation of electric waves round the frame- “perimeter, but also on 

supplementary effect due to reradiation between the parallel wires of the frame. In 
: | e case of a frame used for reception, this radiation effect is dependent on the 
jrientation of the frame to the wave-front, and consequently the supplemental 
rrent due to this radiation may augment™ the initial current to different extents 
a the two cases, and so modify the current-distributions as shown in figure 2. To 
ibviate this supplementary effect between the parallel limbs of a rectangular frame, 
| was decided that a circular loop aerial should be used in the present experiments, 
cause with such a loop there are no parallel wires which can give rise to the 
isturbing radiation effects referred to above. 


he 


§3. THEORETICAL CONSIDERATIONS 


In the theory given previously an expression giving the magnitude of the current 
tinodes was developed. The problem will now be considered from a different 
oint of view and an expression will be calculated for the magnitude of the current 
£ any point in the loop. 

Consider a pair of transmission lines of length $/ connected to a generator at 
jjme end and short-circuited at the other. If the primary constants of the line are 
, L, C and G per unit length, then it can be shown™ that 


; 


L=5 coth = Pl sents (ays 


‘here J, and V, represent the current and voltage in the line as measured at the 
generator, Z, is the (complex) characteristic impedance, and P=«+/f, where « is 
\he attenuation constant, B is the wave-length constant and j is 1/(—1). 

It follows from equation (1) that the current at a point in the line at a distance « 
rom the generator is given by 


} ce z PNET Coch P Ui-a\y. be bees Or 
1 ] ‘his equation can be used for calculating the amplitude of the current at any point 
} 


mm the loop. 

| In the analysis given above the e.m.f. induced at the point P has alone been 
sonsidered, whilst in actual fact a second e.m.f. induced at the point P’ might have 
‘been expected. However, the experimental results of the previous papers show that 
{nis second e.m.f. is of negligible importance in determining the current-distribu- 
Hon. This may be seen by referring to figure 6 of the paper by Palmer, Taylor and 
Witty and figure 3 of the paper by Palmer and Witty (3). In both these cases if the 


ifect of the e.m.f. induced at P’ had been appreciable, then additional current 
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antinodes, symmetrically placed with respect to those actually observed, would 
have been present. 
Equation (2) will now be used to determine the variation of the current ata 

number of selected points in the loop. 
At the point P, see figure 1, x=0, 
+, Ip=Iy cosech $Pl cosh $P/=J, cothZPl «ses (3). 

At the point P’, x=3/, 

“Tp= 1, cosech $P1—~ 7 0 ee (4). 
Equations* (3) and (4) give respectively the variation in the amplitude of the curren 
at the points P and P’ as the wave-length is changed. The experimental verification 
of these expressions is difficult because if the loop be used as a receiver the radiation 
field must be kept constant as the wave-length changes, and this is sometimes im- 


the experimental value of this ratio will be independent of the absolute values of 

the currents, and therefore of the field which produces them. Consequently the 

experimental value of this ratio may be compared with the theoretical value even 

though the field-strength varies slightly with change of wave-length. 
From equations (3) and (4) 


[p/Ip = cosh $PI1 

=cosh 4 («+ 78) / 

=cosh $alcos$B$l+jsinh}oelsin$fl _—_....... (5). 
The graph of this equation can be plotted by considering each expression separately, 
and then adding the two expressions together vectorially. This has been done and is 
shown by the full-line graph in figure 3. If damping be neglected, i.e. if «=o, the 
equation b 

: pe Ip|Ip =cosh }j81=cos 41 er. (6)*. 

The graph of equation (6).is given in figure 3 by the dotted curve, and it is apparent 
that the effect of damping is to raise the value of the current ratio Ip/Ip. by cosh dal 


Equation (5) 
& Equation (6) 
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Figure 3. The variation of Ip/Ip, with wave-length. 
when //A=o, 1:0, 2:0, etc., and by sinh $d when J/A=o:5, I°5, 2°5, etc., although the 
general shape of the graph is similar to that obtained if damping is neglected. 


* If damping be neglected these ex i i 
: pressions become Ip=J, cot $P1 = 4 c 
follow directly from equation (5) of the previous paper ae eae 
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The experiments which were carried out to test the above theory will now be 


‘/pnsidered. 


§4. EXPERIMENTAL WORK 


hermojunction was connected by a short length of flex to a microammeter which 
lested on a small platform attached to the frame. 


Experiments were carried out with a circular loop aerial of perimeter 11-3 m. 


ithe aerial wire was carried on suitable insulators attached to the supporting frame- 


hork, and the framework itself was fixed on rollers so arranged that the aerial could 
rotated about a fixed central axis. The current was measured by means of a 
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Figure 4. The current-distribution in a circular loop aerial of perimeter 11-3 m., with 
various wave-lengths. 


jxserted in the loop, the aerial wire was shunted by a condenser of capacity 0-0005 uF. 
lrhich tuned that portion of the loop to the wave-length in use. The current in the 
inunted portion of the aerial wire varied in the same way as that in adjacent parts of 


ie loop but was of greater magnitude, and was consequently easier to measure. The 


8-2 


116 Denis Taylor 


The transmitter consisted of an ordinary series-fed Hartley circuit. To this was 
coupled a Hertzian dipole aerial of adjustable length. In the actual experiments the 
transmitter was arranged several wave-lengths away from the receiving loop, the 
current in which was measured at various points along the perimeter. Figure 4 
shows a series of results obtained in this way, with wave-lengths varying from 5-7 to 
WNT aa 


§s5. DISCUSSION OF RESULTS 


Examination of these curves shows that the current-distribution is in accordance 
with the theoretical predictions given in § 2. With a wave-length of 5-7 m., four 
peaks occur. This is to be anticipated from the theory, because under these con- 
ditions //A is approximately equal to 2. As the wave-length increases the magnitude 
of the current at the point P gradually decreases until, with a wave-length of 7-35 m., 
the peak at this point almost disappears. Further increase of the wave-length 
causes the peak to disappear completely, and the two neighbouring peaks Q and Q’ 
move closer and closer together until, with a wave-length of 11-3 m., the two peaks 
merge into one, and only two current antinodes are obtained round the perimeter, 
one at the point P and one at the point P’. This transition with increase of wave- 
length is in accordance with the theory. The current antinodes at Q and Q’ are 
always 4A from P’ measured round the perimeter of the loop, and hence the anti- 
nodes at O and QO’ will gradually move further from P’ until, when //A=1, only the 
antinodes at P and P’ are obtained. Still further increase of wave-length causes the 
current antinode at P to disappear again, and eventually the current becomes 
approximately uniform throughout the entire loop. 

These current-variations will now be compared with those predicted by the 
theory developed in § 3. This may be done by calculating the current ratio [p/Ip for 
each of the curves given in figure 4. The requisite data are given in the table below. 


Wave-length A | : 

(metres) | Ip Ip. Ratio Ip/Ip- I/n 
55) 106 100 1°06 1°98 
6°1 * 72 76 0°95 I‘Ql 
6-7 56 | 32 0°57 1°68 
1335 347) iM! 16 0°47 1°54 
IAS | 23 | 12 0°52 1°46 
8:95 23 19 0:82 1°26 

10°4 52 48 0°92 1°09 
113 37 36 | I'03 1°00 


In figure 5 the experimental values of Ip/Ip, are plotted against //A, and on the same 


graph the theoretical curve given by equation (5) has been plotted with an attenua- 
tion constant equal to 0-073 per metre. 


§6. CONCLUSIONS 


The results of the above experiments seem to constitute further evidence in 
support of the theory outlined in this paper and in the previous communication, 
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both with regard to the positions round a loop aerial at which current antinodes 
occur, and also with regard to the magnitude of the amplitude-variations which 


© occur with changes of wave-length. Furthermore it has been shown that with these 


0 : 
1-0 195 2-0 
IN -_—_ 
Figure 5. Experimental values (crosses) of the ratio [p/Ip- compared with the theoretical values 
from equation (5) (smooth curve). 


short waves it is necessary to take damping into consideration if the theoretical 
calculations are to be comparable with the experimental measurements. 

Hence it is concluded that equation (2) gives the positions as well as the magni- 
tudes of the current antinodes round a short-wave loop aerial actuated by an e.m.f. 
located at one point, and this equation may be used for calculating the current- 
distribution in a loop aerial when the wave-length and position of the applied e.mf. 
are known. 
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ABSTRACT. The partial differential equations governing the flow of heat in a medium 
for which the thermal conductivity and volumetric specific heat vary parabolically with 
temperature is reduced to an ordinary differential equation for the case when the medium 
is semi-infinite in extent. The equation is solved exactly for the case where the two 
properties vary proportionally to each other, and approximately, in powers of «/,/(2t), 
where wx is the distance from the hot face and ¢ the time, for the general case. 


§x1. INTRODUCTORY 


which the thermal conductivity and specific heat vary with temperature is 
found, by the usual process of equating the net heat-inflow over the boundaries 
of an element of volume to the product of the temperature-rise and heat-capacity, 


2 C0" 0 (CON 07 O0\, re 00 

: eae nel ay (Ks) +35 (K5.) ae (1); 
where @ is the temperature at time ¢ and at the point (x, y, 3), K is the thermal 
conductivity and c the specific heat per unit volume. 

This equation is non-linear, and hence it is impossible to obtain a general — 
solution by the addition of particular solutions. Thus the solution adapted to any 
but the very simplest boundary conditions would be overwhelmingly difficult to 
obtain. Nevertheless, it appears of interest to consider in detail some specific case 
in order to ascertain the relative importance of the various factors involved. From 
such an analysis, it should be possible to assess, in other more complicated cases, 


what deviation from the simple solution pertaining to unvarying properties is to 
be expected. 


Ts fundamental equation for the temperature-distribution in a material of 


§2. REDUCTION TO AN ORDINARY DIFFERENTIAL EQUATION 


The simplest case which suggests itself is that of the one-dimensional flow of 
heat in a large mass of material initially at the uniform temperature 6), the plane 
face of which is raised when the time ft=0 to a temperature 6, and maintained at 
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is temperature thereafter. We take this plane to be the plane x=o, and the 
uation reduces to 
08 0 06 
ig =a ( >) 
i fs known that, if K and c are independent of 6; the solution of this equation under 
fe conditions stated is 


2 (8 — 9,) bas 
oe 0 


0=0,+ Ss where h? is the thermal diffusivity K/c. 


x/(2t)® and transform equation (2) by its aid he an ordinary, instead of a 
irtial, differential equation, @ becoming a function of y only. We have : 
06 ow «8 Ue eae 

at (aihay Ge (2aphay”’ 

}} that equation (2) becomes 

xc(O)d0_ x , dO 

aot ay ent ROMS): 


x0 (0) db _ K (6 Fs as dK ck Lae dK (@) dK (6) d@ 
~ (at)! dy 6 \dy dy do dy 
‘fhe equation for 6 as a eae of y is thus 
yed6/dy + Kd?6/dy?+(dK/d0) (dé/dy)?=0 1... (3), 


ilnere c, K and dK/dé are functions of 0. 


$3... FURTHER REDUCTION TO A PARTICULAR CASE 


It does not seem possible to solve this equation in general, and empirical 
-pressions for K and c as functions of @ must therefore be introduced. It is prob- 
oly sufficiently general if we write 


C=C) (1+00+ P07) and K=K,(1+y6+60?). 

;quation (3) then takes the form 

Mly (1 + 40+ BO?) db/dy + Ky (1+ 0+ 86?) d?6/dy? + Ky (y + 288) (d6/dy)?=0. 
from the point of view of dimensional homogeneity it is preferable to make a 


}hrther substitution and put y equal to yz, where hy)? = Ky/cy, since the new variable z 
|| dimensionless. The equation then becomes 


z (1-+00-+ BO?) 6’ +(1+y8+562) 0" +(y+280)0"=0 (4), 


rhere primes denote differentiations with respect to 2. 


§4. EXACT SOLUTION INA PARTICULAR CASE 


|| This equation is still intractable, and apparently can only be solved by approxi- 
jnate methods. Before carrying out this process, however, it is interesting to notice 
at it can be solved exactly in one case, namely if the conductivity and specific 


x 

h 

y 

Co» Ky, a, B, 
y;€ 

hy, 
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heat both vary linearly at the same rate, so that the diffusivity remains constant 
In these circumstances B=5=o0, whilst «=y. Thus equation (4) reduces to 
(26’ +0") (1 +00) +00" =o. 
The quantity ¢/? is an integrating factor for this equation. On multiplying 
the latter by its integrating factor, we can write it 
d 
& feeale "= 
ale (1+ «8) 0’] =o, 
ire. (1+«0) d0= Ae? dz, 
whence (1+«6)?/2a=B+A i eds a ae (5), 


which gives an explicit expression for 8 as a function of z, where z=x/hy (2t)?. 

It is of distinct interest to notice that although the diffusivity is constant, the 
temperature-distribution differs from that which is obtained when the conductivity 
and specific heat separately are constants. 


_§5. SOLUTION IN THE GENERAL CASE 


In the general case, equation (4) must be solved by approximate methods. 
Since it is of the second order there are two arbitrary constants in the solutio 
These we fix by writing 9=o when z=0 and d6/dz=X when z=0. 

Successive differentiations of equation (4) with respect to 2 give a series a 
equations of which the fourth is 


16 (+26) 6/0" +4 (1+«0+ BO?) Ov + 4880"6" + 308200” 
+ 208300" + 12 (~ +266) 0” + 10z (a+ 280) 0"0" + 52 (a +26) 6'biv 
+2 (1+«0+ B02) 6Y + 3086” + 12080’6"8" + 3080” 61V + 10 . + 250) 6” 
+15 (y +280) 0’01v + 6 (y +280) 00+ (1+ yO +802) Ovi= 
Inserting the boundary conditions into these equations in turn, and using the 
subscript zero for values at x=0, we find that 
G5 =0, On =e 0,” +yA?=0, 
A+ 3yAIq” + 8)” + 25A3 = 0, 
20+ 205” + 128A705" + 30)” + AyADgl” + iv =0, 
395" + OBA® + gary” + 308A.” + 208A26)"” + toyOy”0)” + SyADIY + O,¥ =0, 
160A89" + 4851¥ + 48BAO,” + 1206)” + 3080)” + 1208A9”0q!” 
+ 308A26,1v + roy,” + 15yOy"Ol¥ + 6yAN)Y + OyVi=o. 
These equations can now be solved for the successive derivatives of 0, giving 
O=0, 0 =A, 0,’=—yA2, 6," = Nee (3y2— 28) 3, 
Ol’ = (Gy — 2a) A2+ (208 — 153) At, 
A)” = 3A + (265 — 49y?— 6B + 19a) A + (4082 — 210y75 + 1054) AF, 
G9"! = (24x — 52y) M+ (g2ad + 84 By — 576y5 + 504y3— 204ey?) X! 
+ (252095 — g4.5y° — 1120782) AS. 
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J? final solution valid for sufficiently small values of x is then obtained from 
laurin’s theorem by substituting the above values of 6,” in the expression 


oe , = ” 2 Barn pee pd ; 
06=6,+ 24, ea 6, 4] ar Ate O° +e Ovit.... 


33 


=X |2- 6 


ie : 
+e +...| +terms in 2, A3, .... 
40 


. . (zZ 
expression in the bracket represents the expansion of A | Cold eine tie 
0 


perature which would be reached in the case where the thermal constants are 


ft the variation of the conductivity has a much greater effect than that of the 
| ific heat; this is evidenced by the fact that « and f are absent from the terms 
‘fee? and in A3z3, the former first making its appearance in the term in A?z4 and the 
her in ASz5, 


§6. NUMERICAL ILLUSTRATION 


As an illustration we take the case of a brick for which h)?=0-0020 and both 
cific heat and thermal conductivity increase by 1 per cent per 1° C. The final 
hperature, reached when z=0, is taken as the zero of temperature, and the rise 
the hot face is determined by A=200/4/(27), which makes the dominating term 
ace to the value 100 when z =o. Thus the initial temperature would be 100° C. 
ere were no variation of the thermal constants with temperature. The whole 
jbression in this case reduces to 


jae li Pepe tO Pig 7191982" 1(33°9380 25024. 39°92" 
/ (277) Jo 7 7 7 Ci 7. 
279°42° 7°7'7828 _ 166:672° 105028 
ween Ue ar® ce 
2[N2 
=| e- dx — 31-83122 + 25-4389 — 14°7424+ 15°632°— 19°452°+.... 
0 


fe numerical values calculated from this formula are given in table 1 for a se- 
lion of values of x. The expansion is only convergent for z <1 and appears to be 
fadequate accuracy up to about z=0-6; beyond this point it would be necessary 


Ik arry it to higher powers of z. 
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Table 
200 | aes Sum of 
= a/t [ Neg bes remaining terms 
0'005 0°40 — 0°00079 
o'ol 0:80 — 000316 
0°02 1°60 —O°'0I25 
0°05 3°99 — 0°0765 
O°10 7:97 — 0'2943 
0°20 15°85 — I:090 

0"40 31°08 — 3°76 
0°60 | 45°14 7356 


It will be seen that the deviation in the temperature-distribution does not become 
1 per cent of the whole temperature-rise until z=0-02. | 

With a value 0-0020 of hi)”, a typical value for a refractory material, this occurs 
when x/1/t=0:06. Thus at a depth of 5 cm. no deviation will exist after about 
14 hours, whilst conversely, after say 4 hours, the deviation is only to be found at 
distances from the hot face greater than 7 cm. 

It is also worthy of remark that the values of the temperature calculated by 
means of the series expansion are hard to compare directly with those obtained 
from the exact formula (5) which applies to this case.* This arises from the fact that 
the series expansion is divergent beyond z=1, and consequently the constant A 
cannot be adjusted to give a specified range of temperature; only the dominant 
term can be caused to vary over a selected range, and thus the solution represented 
by the series in fact covers some slightly different range. In the case of the exact 
solution the adjustment of the constants A and B causes the actual temperature to 
vary over the range desired. 

Nevertheless it is of interest to compare the exact solution with that tabulated 
above. In table 2, the constant B of equation (5) has been taken as 50, and three 
values—t1oo, 106-2 and 114-5—have been assigned to A1/(z/2). 


Table 2. ‘Temperature as function of z, where z=x/hj/(2?) 


| ‘Temperature 
=f By series By formula (2), A +/(z/2) being taken as 
expansion BARS: ae | ce 

| = 
0°005 | 0°40 O"4 o-4 0°40 . 
aS | 0°80 08 o'9 0:80 
CPOE, 1°59 Ee, 1'°8 I*6o0 
nee BEES 471 4°5 _ 3°99 
o'IO | 7.70 | 8-7 8-4 Age 
0°20 14:76 15°6 16:8 14°76 
O40 | 27-22 28°8 | 30°8 27°43 
0:60 | 37-58 40°0 | 42°6 Bolo: 


* See, however, the author’s reply to the discussion, page 124.- 


- 
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= §7. CONCLUSIONS 


Although the illustrative example just given is one in which the variation of 
Hooth properties is relatively rapid, yet the deviations from the case of constant 
Miffusivity are fairly small. This may in part be due to the fact that the specific 
neat and thermal conductivity in this example are proportional to each other, so 
chat their ratio remains constant. 
We therefore take another example less likely to be encountered in practice, 
jn which the specific heat increases by 1 per cent per 1° C., but the conductivity 
‘decreases by I per cent per 1° C; 
In this case, the series formula becomes 


200 i 
V7 Jo 


ind the sum of the last five terms varies with z in the way shown in table 3. 


6 e dx — 31-831224 Q5'433° ALLL e047" 07529 ne, 


Table 3 
Sum of terms other 
ae than dominating term 
0°005 : — 000079 
o:o1 —0'0032 
0'02 —0°'0125 
0°05 —0'0764 
o:10 —0'292 
0°20 — 1064 
0-40 330 
0-60 — 5°45 


Here also, the deviations from the case of constant diffusivity are fairly small, 
lind it seems therefore reasonable to assume that a similar result would hold in the 
tases likely to be encountered in practice. 


DISCUSSION 


Mr C. R: Dartinc said that the paper had a bearing on the problem of the 
lime taken by the centre of a block of metal in a furnace to attain a steady tem- 
perature. Experimenting with thermocouples on cylindrical blocks of steel he had 
lound that the time varied as the square of the diameter; this appeared to agree 
with Mr Awbery’s conclusions. 


Mr E. D. van Rest. I am sometimes.asked to make calculations of the rise of 
mperature inside a piece of wood when it is subject to given external conditions, 
r instance in a drying chamber. My early measurements of thermal diffusivity 

ere not entirely in agreement with theory and at one time I thought that the 
: iscrepancies might be due to a temperature variation of the diffusivity. This 
broved not to be the case, for fair agreement with theory was later obtained. This 
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is in accord with the author’s findings that the temperature variation does n 
cause large differences. I am interested, too, in the conclusion arrived at in § 
where the author shows that the same proportionate variation in conductivaam an 
specific heat, while not affecting their ratio, the diffusivity, does affect the ter 
perature-distribution. The conclusion is, I suppose, that measurements of tl 
temperature variation of diffusivity cannot be used to calculate how the ‘mee : 


difficulties in applying theory to practice is the probably large variation of diffusivit 
with moisture-content combined with the uneven distribution of moisture durin 
drying. 

AuTHor’s reply. In reply to Mr Darling and Mr van Rest, I am interested 1 
learn that their experiments are not in contradiction to the theory. Fortunately 
practical importance of the point raised in § 2 is small, since the numerical cale 
lations show that the deviation of the temperature-distribution from that given b 
simple theory is never likely to become serious. 

I am indebted to Prof. Davidson for pointing out an algebraical error whic 
affects the numerical values in tables 1, 2 and 3 as printed in the advance proofs 
The necessary corrections have now been made. 
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1 
t\} TRACT. It is shown that an amplifier with its input and output terminals connected 
alfher can behave as a negative resistance. This principle leads to the design of an 
)|Fator employing two triodes, and having certain advantages over both the ordinary 
sition circuit and the screen-grid dynatron. Some special wave-forms which were 
aijtved are illustrated. A method of using the instrument to measure the dynamic 
eitance of an oscillatory circuit is suggested. 


§1. INTRODUCTION 


|| £ ETHODS of generating electrical oscillations by means of thermionic valves 
may be divided broadly into two classes. In the first class are the reaction 
| | methods in which some coupling is provided between the grid and anode 
skits. This is often a mutual-inductance coupling or reaction coil, but we may also 
| ide in the same class methods in which the coupling is effected by using a tap- 
| on the tuning inductance, or by splitting the tuning condenser into two con- 
iKers in series. The second class consists of the negative-resistance methods, in 
Fh use is made of the fact that under certain conditions a pair of electrodes can 
ijfpund for. which the curve of current against voltage has a negative slope over 
sil] of its range, so that the system is capable of delivering power to an external 
jfxit. he phenomenon of secondary emission causes the plate current of a triode 
‘\hilow a curve of this sort when the grid is maintained at a large positive potential 
i respect to the filament. A valve used in this way is usually known as a dynatron. 
{ in the case of a reaction circuit the operation of the valve in conjunction with 
|| given coupling can be represented by means of an oscillation characteristic 
‘ing a negative slope“. Analytically therefore the two classes are similar, and 
i" is no fundamental distinction between them. There is however an important 
rence in practice. In the second class of circuit the valve and its associated 
eratus, such as batteries, can be connected to the oscillatory circuit proper by two 
! Is only, without the complications of reaction coils, tapped inductances or split 
‘Mensers. This is particularly convenient when operation is required over a wide 
Ike of frequencies, since the number of connexions to be changed and adjust- 
its to be made is reduced to a minimum. 
When a triode is used as a dynatron the large potential which must be applied 
| e grid produces a very large emission current. This results in a heavy consump- 
|| of power, overheating of the grid, and deterioration of the emitting surface; 


II last effect is particularly serious in the case of the oxide-coated cathodes used in 


y 
i 


i 


) 
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or screening grid maintained at a high positive potential and the inner or contr 
grid connected to the filament or cathode. 'This arrangement is deservedly populz 
but suffers nevertheless from several disadvantages. Thus (i) the valve usually he 
to be specially selected ; (ii) the working conditions are fairly critical and apt to vai 
with time; (iii) it is not possible to obtain low values of negative resistance, so tha 
the oscillatory circuits must be of low damping; (iv) two separate high-tensio 
voltages are required; (v) the oscillatory circuit is at a high d.-c. potential wit 
respect to the filament; and (vi) the d.-c. component of the anode current pass¢ 


cored inductances are to be used. 
The circuit to be described makes use of two valves, which can be triodes 


resistance type of oscillator without the above-mentioned disadvantages of t 
screen-grid dynatron. 
A circuit using two triodes to give a negative resistance effect has been describe 


used by C. S. Franklin as the master-oscillator of short-wave transmitters“). 


present paper shows how the fundamental principle made use of by Turner and bj 
Franklin can be applied to the design of a universal oscillator which can operate ai 
any desired frequency, and in which the magnitude of the negative-resistance effect 


is completely under control.* 


§2. THE AMPLIFIER AS A NEGATIVE RESISTANCE 


Figure 1 represents an amplifier with input terminals a, b and output terminals 
c, d. It is assumed that the internal connexions are such that one of the input and 


Figure 1. An amplifier used as a negative resistance. 


one of the output terminals are held at the same potential, and the points b, d are 


accordingly shown connected together and to earth. The dotted lines should be _ 
ignored for the moment. ; 


_ *® During the preparation of this paper, a paper on “A negative-resistance device and its applica- 
tion to harmonic analysis” was read by Mr C. W. Oatley before the Physical Society, Proc. phys. 
Soc. 47, 471 (1 935). The present author’s arrangement can of course be used for the same purpose 
as Mr Oatley’s, and it appears to have some practical advantages over his circuit. 
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f Uy, Ucq are the input and output voltages, and 7 the current flowing from d 
hrough an external circuit, we have for an “‘ideal” amplifier the relation 

| Vg ilog tke) ee Oe, Pe (1), 
yre M and R, are constants characteristic of the amplifier, viz. the voltage 
ification factor and the output impedance. In other words, the amplifier is 
jvalent to a battery or generator of e.m.f. Mv,, and internal resistance R,; the 
jvalent circuit being as in figure 2. 

f there is no voltage applied to the input, so that v,,=0, the amplifier behaves 
_ respect to the external circuit connected to cd as a simple resistance of mag- 


sfde Ry. Now let the input and output terminals be connected together, as shown 
ithe dotted line in figure 1, so that v4,=v,4. We now have 
palette ee Cue ee ed (2), 
swing that the amplifier now behaves with respect to the external circuit as a 
ijjple resistance of magnitude R,/(1—M). If we imagine M increased from zero 
Ro Cc. <— i 

Www. - - - 
Mv i D 

st dese ia RL eH a 


Figure 2. Equivalent circuit of the amplifier. 


jvalue of this resistance will increase from R,, becoming infinite when M=1; 
|p M>1 it becomes negative in sign, which means that power is supplied to the 
nal circuit instead of being absorbed from it. 

Puppose the external circuit is that shown in figure 1, namely an oscillatory 
bit consisting of a coil of inductance L in parallel with a condenser of capacity 
e equivalent series resistance of the circuit at any given frequency being R. 
fin, as the value of is increased, the damping of the oscillatory circuit will be 
4) ced, and will become zero when 


aire D=L/CR and is the dynamic resistance of the circuit at its resonant frequency. 
s is therefore the condition for the maintenance of oscillations. 

his result can also be reached from a slightly different viewpoint, as follows. 
sider once more the amplifier in figure 1 without the connexion between c and 


; D 
M Sap soeees (4). 
¥’=1 the source of the input voltage can be removed and c can be connected to 


Hthout affecting the oscillations, which then become self-maintaining. ‘The con- 


Uap» Vea» U 


IM Re 
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dition for maintenance is thus found by putting M’=1 in equation (4), which th 
reduces to equation (3). 

In the above we have tacitly assumed that a negligible amount of power is con 
sumed at the terminals ab; in other words, the input impedance of the amplifier: 
very great. Otherwise, the effect of connecting this impedance across cd must b 
allowed for. It can easily be shown that the result of connecting a resistance R; i 
parallel with the output terminals of an amplifier is to reduce the effective values 6 
both R, and M by the factor R,/(Ro+,). In the present instance R, is the inp 
impedance, and the amended values of Ro and M should be used in calculating th 
value of the negative resistance and the condition of maintenance. 


§3. EFFECT OF AN AMPLIFIER WHICH IS NOT IDEAL 


In practice equation (1) will not hold for all values and all modes of variation of 
the currents and voltages, owing to the effects of inductance and capacity in the 
amplifier and of non-linearity of the valve characteristics. 


as a straight line. This condition is, of course, that which leads to the absence 6} 
wave-form distortion in an ordinary amplifier. ; 


would imply that if the maintenance condition were exactly satisfied an oscillation 
of any amplitude whatever once set up in the circuit would be maintained at that 


find that a given circuit condition corresponds to a definite amplitude of the 
oscillation, and that a small change in this condition merely causes the amplitude 


tude either decreasing to zero or increasing indefinitely. In practice, however, V 


(i.e. MM and R, in the case with which we are concerned) dependent upon tht 
amplitude. Thus, at infinitesimal amplitudes the effective resistance of the oscillatory 
circuit will be slightly negative. Any small oscillation will therefore grow unti ‘it 
attains an amplitude at which the effective resistance is reduced to zero: the ampli- 
tude will then remain constant at this value. | 

The very existence of a stable, finite amplitude of oscillation thus depends upon 
the non-linearity of the characteristic, and consequently implies some departure 
however slight, from a purely sinusoidal wave-form. If it is desired to keep : 
wave-form as pure as possible, an oscillator should be operated at a point only j 
beyond that at which oscillations commence. To enable this to be done it is essen 
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#ave some means of control which can produce a gradual and continuous varia- 
of the negative-resistance effect. In the circuit described below this takes the 
of a potential-divider controlling the value of the amplification M. 
inductance and capacity in the amplifier. In the case of approximately sinusoidal 
illations we can represent the behaviour of the amplifier at a particular frequency 
fessigning complex values to M and R,. 

s far as R, is concerned this effect can usually be represented by a small 
city in parallel with the output terminals; this capacity can be incorporated in 
value of C, and need not concern us further. 

The effect of a complex value of M, corresponding to a phase-displacement in 
| amplifier, is to cause a shift of the frequency to a new value at which the 
llatory circuit no longer behaves as a pure resistance. Fortunately, since the 
se angle of the impedance of an oscillatory circuit changes very rapidly with 
fyuency near the point of resonance, only a small frequency-shift is required to 
pensate for quite a large phase-displacement in the amplifier. This can be shown 


If x is the fractional change in frequency from resonance and 5 the decrement, 


»} impedance Z of the oscillatory circuit is given by 

Dat | 271 

— (: = s cone (5). 
| Replacing D by Z in equation (4), putting M=a (1-7 tan ¢) and inserting the 
‘edition M’=1, we find that 
won (Ro D 
| x= ( R ) tan ¢ Pane (6). 


|| Normally D will be of the same order of magnitude as R), and 6 will be a small 


phase displacement ¢ exceeds (say) 45°. If the phase-change is due to stray 
|pacity in a single stage, this means that the oscillator will work satisfactorily at all 
juencies below that at which the reactance of this stray capacity becomes equal 
fthe resistance with which it is in parallel. 

If the amplifier is to act as nearly as possible as a pure negative resistance over a 
file frequency-range, inductive couplings are excluded. In a resistance-coupled 
plifier however there is a change in phase of 180° in each stage. The amplification 
lis therefore negative with an odd number of stages and positive with an even 
Imober. As far as the magnitude of M is concerned, one stage would be sufficient 
}| all ordinary purposes; but in order to obtain a negative value for the resistance, 
imust be positive in sign, which makes it necessary to use two stages. 

If, however, we were to permit the use of an inductive coupling, this could be 
lide positive or negative as required, and it would become possible to use a single 
ve. The circuit would then in effect be the ordinary reaction circuit. This 
lustrates the fact that the distinction between the two classes of circuit is not 
damental. 
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§4. THE DESIGN OF THE OSCILLATOR 


In figure 3 is shown a practical circuit for an oscillator based on the princip 
described above, and intended for use at audio and low radio frequencies. It 
derived from a two-valve resistance-capacity-coupled amplifier, the only alteration; 
being the connexion between output and input and the variable potential-divide 
in the anode circuit of the valve V,. This potential-divider enables the amplification 
and consequently the value of the negative resistance, to be varied as desired; it i 
thus in effect the reaction coupling of the oscillator. By placing this control in the 
anode circuit instead of in one of the grid circuits, the effect of stray capacities at 
high frequencies is minimized. 


‘ 
GB. 


Figure 3. A practical circuit. 


As the magnification required is normally much less than the maximum of whic q 
a two-stage amplifier is capable, the potential-divider is split into two parts the 
variable part having a much lower resistance than the other. The total resistane” in 
the anode circuit is kept high so as to maintain the linearity of the working charac | 
teristic of V,. — 

It should be observed that with normal settings of the potential-divider the 
oscillatory potential on the grid of V, will be much less than that on the grid of V. 
If the valves are at all similar, therefore, the working portion of the charagtena 


of V, may become considerably curved before that of V, departs appreciably from 


a straight line. Thus it is the characteristic of V, which determines the amplitude and 


NAO of the oscillations ; V. may be regarded as a linear coupling device, the 
main pk of which is to produce a change in phase of 180°. It follows that the 
output, tor a given harmonic content, will be of the same order as that which would 
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ij) obtained from the valve V, if it were used with the same mean operating 
entials in a single-valve oscillator of the ordinary kind. It is of course convenient, 
jrugh not necessary, to use two valves of the same type. The values of the coupling 
ndensers and grid leaks should be such that their time constants are larger than 
“| period of the slowest oscillations with which it is desired to work. 

To ensure satisfactory operation at the higher frequencies the resistances used 
puld have the least possible inductance and capacity. Resistances of metallized or 
nposition type used in wireless receivers are suitable. The usual precautions 
puld be taken to avoid stray capacity effects, especially between the grid and anode 
cuits of the same valve. It is also advantageous to use valves of low impedance. 
If the circuit values given in figure 3 are used, the range over which satisfactory 
pration is obtained should be from less than roo c./sec. to something like 
c./sec. The range can easily be extended to lower frequencies, if desired, by 
reasing the values of the coupling condensers or grid leaks, or both. The cost of 
a condensers becomes high when capacities greater than 0-02uF. are required, 
if paper condensers are used care must be taken to see that the insulation 
iistance is maintained. 

If the apparatus is required to operate at radio frequencies it is suggested that 
ves of the h.-f. pentode type should be used, and a screen interposed between the 
b sets of components associated with the two valves. The 20,000-ohm resistance 
ithe anode circuit of V, should be omitted. Such a design should work well at 
#quencies up to several million cycles per second, and should be nearly if not quite 
‘fective at low frequencies. On the other hand, the valves are more expensive 
fa triodes, and provision would have to be made for applying a suitable voltage to 
screening-grids. 

The potentials to be applied are those which would be required by the valves if 


eative-resistance device over the whole range of frequencies and amplitudes for 
ich it would be satisfactory as an amplifier. For most purposes, therefore, the 
ues of the components are not at all critical. 


§5. EXPERIMENTAL TEST 


|| In order to test the principle experimentally the necessary modifications were 
Itde in an existing three-valve resistance-capacity-coupled amplifier, one of the 
lives being removed. The circuit used was similar to that shown in figure 3, in 
hich the values of the components are given. The main difference was the presence 
decoupling circuit comprising 20,000 ohms and 2F. in the anode circuit of V9. 
\fttery valves were used with a l.-t. supply of 2 V. and h.-t. of 200 V. from ac- 
}mulators. The wave-form of the potential-difference across the terminals cd was 
‘fserved by means of a cathode-ray oscillograph. 

|| The operation of the device was extremely simple. The biasing potentials were 
fren values which would have been suitable for low-frequency amplification with 
9-2 
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the valves in use, and the potential-divider was set for zero amplification. An oscil- 
latory circuit was then connected across cd and the amplification was increased until 
oscillations just commenced. 

Oscillatory circuits of widely different natural frequencies were made up from a 
miscellaneous collection of inductance coils and condensers. Although some of the 
coils must have had a high resistance, oscillations were produced in every case 
without difficulty. By the use of iron-cored coils oscillations were obtained at a 
frequency judged to be as low as 20 c./sec. The wave-form in this case was bad, but 
the coupling components were not suitable for so low a frequency (see § 4). 

In spite of the fact that the apparatus had been designed as a low-frequency 
amplifier with wire-wound resistances, no difficulty was found in producing oscil- 
lations in a circuit resonating at about 6 x 10° c./sec. corresponding to a wave-length 
of 500 metres. 

Various types of valve were tried, such as the Mullard PM2DX, the Osram 
HLz2, and the Mazda P220. All worked satisfactorily, although their characteristics 
were very different. It was noticed that V, had more effect on the behaviour of the 
oscillator than V,, in agreement with the considerations put forward in the pre- 
ceding section. 

When the amplification was made only just great enough to produce steady 
oscillation, the wave-form was not distinguishable by eye from a pure sine wave. 
Any great increase of the amplification beyond this point caused an appreciable 
increase in amplitude accompanied by a slight change in frequency and by severe 
distortion of the wave-form, which assumed a shape reminiscent of a typical re- 
laxation oscillation, somewhat similar to that of figure 4 (b). This wave-form dis- 
tortion was particularly marked, even at low amplitudes, when the ratio of capacity 
to inductance in the oscillatory circuit was small. It must be pointed out that this 
kind of behaviour is common to all oscillators, and that the circuit described here is 
superior to most in this respect owing to the range and smoothness of the control. 

Production of special wave-forms. As it often happens that a wave-form is re- 
quired which has a special shape other than that of a sine wave, it may be of interest 
to record some observations of particular wave-forms and the conditions under 
which they were obtained. Those chosen for illustration are shown in figures 4, 5, 
and 6, which are freehand drawings, not to scale, of the oscillograph images. The 
direction of the time scale is from left to right in each case, and the alphabetical 
designations are in order of increasing amplification. 

Figure 4 refers to the case in which no external circuit is connected across the 
terminals cd. The circuit becomes unstable when M>1 and generates relaxation 
oscillations, i.e. oscillations whose period is determined by the times of charging 
and discharging of the coupling condensers. Figure 4 (a) was obtained when the 
amplification was only just sufficient to cause instability. When the amplification is- 
very great, as in figure 4 (c), the circuit is almost identical with that of the multi- 
vibrator of Abraham and Bloch, which is used to generate harmonics of high orders 
for frequency standardization, 


Figure 5 illustrates the case when the terminals cd are bridged by a condenser 
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l Ly: This case is particularly interesting, for when the amplification was only just 
cient to produce oscillations these appeared to be of a purely sinusoidal wave- 
‘m, although no oscillatory circuit was present. An increase of amplification re- 


ted in a transition to the perfectly triangular form of figure 5 (a), and finally to 
fat of figure 5 (6). 


(@) (a) (@) 


) 
Figure 4. Figure 5. Figure 6. 
Figure 4. Wave-forms obtained in the absence of an oscillatory circuit. 
Figure 5. Wave-forms obtained with a condenser only. 


Figure 6. Wave-forms obtained with an inductance only. 


Figure 6 shows wave-forms obtained when a large inductance was connected 
oss cd. When the amplification was great the oscillations took the form of groups 
five or six approximately sinusoidal oscillations of equal amplitude, the groups 
ing separated by intervals of quiescence, as shown in figure 6 (6). It is surmised 


the coil in conjunction with its own self-capacity and the stray capacities of the 
cuit, whereas the period of the groups depended upon the time of charge and dis- 
\Rarge of one of the coupling condensers. 


fb 6. APPLICATION OF THE INSTRUMENT TO THE MEASUREMENT 
OF DYNAMIC RESISTANCE, 


|Fcuit. The method is as follows. The circuit in question is connected between c 
Kd d, and the slider of the potential divider is moved until it reaches the point at 
Jhich oscillations just commence. Let s be the setting of the slider in this case, Le. 
fnumber proportional to the resistance between the slider and the upper end of 
He potential-divider. Let s) be the value of s which makes M equal to 1; then in 


| neral M=s/s,. Therefore from equation (3) 


R’ 
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To find the value of R,, the process is repeated with a known resistance R’ con- 
nected in parallel with the oscillatory circuit. Let s’ be the setting in this case. The 
we have 


To determine s,, that setting is found which just makes the amplifier unstable with no 
external circuit connected to c and d. Alternatively the values of s’ corresponding to 
two different values of R’ can be found, giving two equations of the form of (8) which 
can be solved for R, and sy. 

This method should be very useful when a number of values of dynamic re- 
sistance have to be determined, as for instance in measuring the variation of the 
dynamic resistance of a circuit with frequency. In such a case Ry and sy can b 
found once for all, provided the constancy of the batteries and valves can be relied 
upon. 

An endeavour might be made to obtain experimental figures to test the theory 
given in this section. As the author is not at present in a position to make such an 
attempt, he publishes the suggestion in the hope that someone with the necessary 
facilities will find it interesting enough to be worth a trial. 
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I : 
BSTRACT. Methods available for the measurement of relative humidities lying be- 
feen o-5 and Io per cent are discussed. A dew-point apparatus for measuring dew points 
frwn to —40°C. is described, also a hygrometer using wet and dry thermocouples. 
libration curves are given showing the relation between the depression of the wet- 
jnction temperature and the relative humidity over the above range for air-temperatures 
ttween 10° C. and go° C, 


§x1. INTRODUCTION 


N the course of certain work it became necessary to measure the moisture- 
content of air which had been dried by means of the usual drying-agents, such 
as silica gel, calcium chloride or phosphorus pentoxide. The relative humidity 
| air which has passed slowly over such a drying-agent is very low indeed, ranging 
fm © to about ro per cent, and its measurement presents rather a different problem 
Hom those usually encountered in dealing with humidity-measurements. 

Many methods are available for the measurement of humidity, but those which 


ork were (a) chemical methods, (5) the dew-point method, and (c) the wet-and- 
y-thermocouple method. Chemical methods were tried, but the amount of 
oisture present was so small that accurate determinations by weighing were 
ficult to carry out. The time taken to make one measurement was such that a 
tinuous record of the dryness of the air could not be obtained. A volumetric 
rm of chemical hygrometer similar to that described by Griffiths“? has been used 
iccessfully for work at low pressures, but is not suitable for use at atmospheric 
essure. The dew-point method was tried and a special apparatus was developed 
fy means of which dew points could be measured down to —40° C. Accurate 
peterminations could be carried out with this apparatus, but in making the observa- 
ons some skill was necessary to detect the first traces of moisture deposited. It was 
fesired, if possible, to develop an instrument which could be made to record con- 
Inuously with the minimum amount of skilled care and attention. The method 
Ithich seemed most likely to be of use from this point of view was that using wet 
find dry thermocouples. 

The theory underlying the use of wet and dry thermocouples for the measure- 
ent of humidity is well known and need not be gone into here. ‘The problems 
Which arose in using the method in this particular work were due to the fact that 
lhe humidity to be measured was so very much lower than any usually encountered. 
lin consequence, the tables which have been drawn up by various investigators 
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giving the relationship between the depression of the wet-junction temperature a 
the humidity of the space at any given temperature did not cover the necessary 
range, which was from about 10 per cent relative humidity down to o-5 at atmo- 
spheric temperatures. 

Accordingly a calibration had to be carried out over the required humidi 
range for all the temperatures likely to be encountered in practice. This involved 
the use of some absolute method of measuring the humidity of the space. The 
only really absolute methods are chemical methods and the dew-point method. The 
dew-point method was chosen as being simpler and more accurate, but check 
determinations by means of weighing were carried out from time to time. 


§2. APPARATUS USED IN CALIBRATION, AND 
EXPERIMENTAL PROCEDURE 

For the purpose of the calibration the apparatus was enclosed in a chamber with 

a closely fitting glass front so that it could be maintained at any constant humidity, 

The seal between the chamber and the glass front was made by means of an inflated 

rubber tube. Heaters, a cooling-coil and a sensitive thermostat were provided so 
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igure I. Variation of vapour pressure, relative humidity and depression with temperature. 
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readings could be taken at any temperature from about 10°C. to 100° C. 
aginnel was fixed to one end of the wet-and-dry-thermocouple apparatus so that 
egrrent of air could be drawn through it by means of a fan. The relative humidity 


jjmeasured by the dew-point method, a mirror being inserted through the top 
e chamber. A sampling-tube was provided’ so that samples of air could be 
ya off in order to check the dew-point determinations by actual weighing of the 
sture-content of the air. The humidity was controlled by solutions of sulphuric 
in porcelain trays at the bottom of the chamber. 

he procedure during calibration was to introduce the sulphuric acid, to close 
hamber and then to measure the vapour pressure by means of the dew point 
the depression of the wet couple, after the fan had been left running for some 
to enable stable conditions to be reached. The heaters were then switched on, 


fated when the temperature and vapour pressure had again reached equilibrium. 
$ procedure was repeated over the whole range of temperature required. The 
€ series was then repeated with sulphuric acid solution of a slightly different 
ity. The density of the acid used was varied between 1-40 and 1-84 g./cm3, 
different concentrations being used. 

he curves of vapour pressure and depression against temperature were plotted 
the experimental readings, figure 1. The values of the vapour pressure at each 
=. were read from the curve, and the relative humidity calculated. These values 
}riso shown in figure 1. The corresponding values of relative humidity and de- 


sion of wet-couple temperature were thus obtained at each 10° interval over the 


he lowest water-vapour pressure which was to be measured was of the order 
+1 mm. of mercury at atmospheric temperature. With such a low moisture- 
ent the dew point is about — 40° C. and consequently special apparatus had to 


he arrangement finally used is shown in figure 2. A copper rod about j in. in 
eter has a copper disc soldered on to it at one end. The lower end of the rod is 
ned off on one side for about two inches and polished. This surface is then 
lsamated with mercury to serve as the mirror for the detection of dew. A thermo- 
Ible is soldered into a hole drilled in the back of the rod so that the junction 
es just behind the surface of the mirror. A line on the mirror-surface marks the 
ion of the couple. A piece of brass tubing having a copper bottom soldered on 
iserves as a container for a freezing-mixture of solid carbon dioxide and alcohol. 
|| top of the disc on the copper rod and the bottom of the container are ground 
io ensure good thermal contact. A little alcohol placed on the surfaces prevents 


Hluctivity from being lowered by hoar frost. 
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In taking readings the freezing mixture vessel is placed on top of the mirroy | 
stem until dew appears, when the temperature is read by means of the thermo- | 
couple. It is then removed and the temperature at which the dew vanishes is noted 
also. 1 

When the apparatus was first set up a mirror of highly polished stainless Stee 
was used, but it was found that on continued exposure, sometimes. at quite high 
temperatures, in the chamber containing concentrated sulphuric acid, its surfa : 
became dulled and the detection of the first traces of dew became. correspondingly 
difficult. Since the steel mirror was very difficult to clean, mercury surfaces were 
tried and found to be quite satisfactory. These were prepared by polishing the sur 
face with metal polish and then rubbing on a little mercury with the polish anc 
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Figure 2. Dew-point apparatus for low temperatures. 


finally cleaning with a dry cloth. Although the mirrors required fairly frequent 
renewal, this was so easy a task that they were used for nearly all the work described 
here. If the copper surface became badly pitted by mercury it was easily restored 
by buffing and a new mercury surface was applied. 

At vapour pressures above that of water at 0° C., i.e. 4°58 mm. of mercury, the 
exact temperatures of appearance and disappearance of the dew were easy to de- 
termine. ‘lhe mist could be watched as it crept down or up the mirror past the spot 
at which the thermocouple was fixed. Below this vapour pressure, however, the 
moisture appeared as hoar frost in tiny crystals almost all over the surface of the. 
mirror at once. It was necessary to prevent the mirror from cooling too far past the 
dew point, or the temperature of disappearance would have been much too high 
owing to the poor thermal conduction between the frost and the mirror. This could 
be done by taking a preliminary run to estimate the approximate dew point and 
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, temoving the freezing-mixture before this temperature was reached, so that 
irror only cooled down just as far as the dew point. When the mirror was 
yed very slowly and closely watched, it was noticed that even at very low tem- 
ures the whole surface of the mirror became misty just at the dew point, 
ugh this phase passed almost at once into the crystalline state. The best results 
e obtained when cooling was arrested just as the frost appeared in the misty stage. 
o reach the very lowest dew-point temperatures necessary in this work, special 
{| had to be taken to ensure fairly rapid cooling. It was found to be undesirable 
ig the copper stem above the mirror on account of the moisture-retaining pro- 
ies of the lagging. But by regrinding the copper surfaces from time to time and 
faking care that a layer of oil did not collect on the bottom of the freezing vessel 
jof the carbon dioxide snow, it was possible to reach the lowest temperature 
essary. Lower temperatures still could probably be obtained by increasing the 
neter of the copper rod. 

#At the higher humidities the mirror was sometimes found to be cooling too 
‘kly. The rate of cooling could be slowed up, however, by omitting the alcohol 
“yreen the ground surfaces, or even by placing a thin sheet of paper between them. 
i}trnatively, ice could be used in the pot instead of the usual freezing-mixture. 
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§4. THE WET-AND-DRY-THERMOCOUPLE APPARATUS 


ae 


{|The chief difficulties arose from the very large depressions encountered at low 
udities. At an air-temperature of 50° C. with a humidity of 1 per cent the de- 
ipsion of the wet junction was about 30° C., while at the highest air-temperatures 
i depressions of nearly 60° C. were encountered. With depressions of this order . 
conduction of heat to the junction along the wires, along the wick which wets it, 
through the air becomes of importance, and unless special precautions are taken 
depression for a given humidity and air-temperature will not be so great as that 
sured by the wet and dry thermometers. 

Lanning has described an apparatus in which wet and dry thermocouples are 
ii for the measurement of humidity, and he encountered the same difficulty. 
i" llowed for the difference by calibrating the apparatus for sulphuric acid solutions 
nown density. The aim of the present work has been to reduce the difference to 
}iinimum so that the depression as measured by the thermocouples agrees with 
measured by thermometers. 

The final form of the wet-and-dry-thermocouple apparatus is shown in figure 3. 
le depression of the wet-junction temperature was measured by the two couples 
lind B, A being the dry couple and B the wet one. A copper eureka couple C 
in to measure the air-temperature. 

1A wick for keeping the wet junction supplied with moisture could not be used, 
{| the junction was wetted by allowing a single drop of distilled water to fall from 
fhe capillary tube on to a piece of cotton tied round the couple. ‘To avoid excessive 
| duction along the wires, very fine wires, 0-0025 in. in diameter, of manganin and 
| eka were used, copper having too high a thermal conductivity. In order to 
fure that the error due to wire conduction had been effectively eliminated, some 
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samples of exceedingly thin wire 0-0008 in. in diameter were tried. ‘The depressio 
obtained were, however, identical with those obtained with the wires 0:0025 1n. 1 
diameter, and since the latter were much more robust they were used throughout 
To keep the temperature of the dry junction steady at the mean air-temperature if | 
was necessary to embed the wires in a fairly large globule of solder. The connextio m8 
to the potentiometer from the differential wet and dry couples were made from th 
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Figure 3. Arrangement of wet and dry thermocouples. 


thin manganin wires to fairly thick copper leads to avoid any possibility of errors 
due to thermal e.m.fs. at these junctions, the thermal e.m.f. between copper and 
manganin being very small. 

To avoid errors due to thermal conduction through the air it was found that the 
enclosure in which the couples were suspended must be of a certain minimum size. 
The necessary distance from the wet junction to the walls of the enclosure wa 
determined by measuring the temperature-gradient through the air around the wet 
couple by means of a very fine exploring thermojunction. The temperature- 
gradient is shown in figure 4, from which it will be seen that the distance must be at 
least 1 cm. to ensure that the temperature-gradient shall not be disturbed by the 
presence of the walls of the enclosure. 
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Vith the apparatus assembled here it was found that the air-velocity past the 
fies necessary to obtain the maximum depression is very much less than that 
jin wet-and-dry-bulb thermometer measurements. This is in agreement with 
ts obtained at the National Physical Laboratory) and by Hilpert. Figure 5 


t is the relation between depression and air-flow for a fixed humidity. With the 
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Figure 4. Temperature-gradient in air near wet thermocouple. 
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Figure 5. Effect of air flow on depression of wet thermocouple. 


pf enclosure used, an air-flow of 3 litres per minute was equivalent to an air- 

ftity of about 2 cm./sec. This gives a great advantage over the wet-and-dry-bulb 

finometer, which requires a minimum air-velocity of 3 m./sec., especially when 
quantities of gas are being dealt with. 


| 


§5. DISCUSSION OF RESULTS 


“he final curves showing the relation between the depression of the wet-junction 
Iterature and the humidity over the range of air-temperatures used are shown 
frure 6. Between 30° C. and 80° C. the results obtained agree very closely with 
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those given by Griffiths. Above 80° C., however, the depressions given by the wet 
thermocouples are smaller than those obtained with thermometers. This is probably 
due to the fact that as the depressions become very large the error due to thermal 
conduction also increases. The results are plotted in figure 7 together with those of 
Griffiths. The curves below 30° C. are taken from the Smithsonian tables; they do 
not agree quite so closely with those obtained in the present work. 
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The usual formula for the wet-and-dry-bulb hygrometer has been applied to 
the results as follows: 

; p=pw—AP (t—tw), 
where p is the pressure of water vapour in the air, pw the saturation vapour pressure 
of water at the temperature of the wet bulb, ¢ the air-temperature, tw the temperature 
of the wet bulb, P the atmospheric pressure and 4 a constant. The value of A was 
found to be very nearly constant over the temperature-range from 10° C. to 70° C. 
and equal to 0:00072. From 70° C. to go° C. the results were not in such close 
agreement, the value of A increasing for the higher vapour pressures. 
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periment. The relative humidity of nitrogen from a cylinder was measured in 
ree ways, (a) by absorbing the moisture in phosphorus pentoxide and weighing, 
by the dew-point method, and (c) by the wet-and-dry-thermocouple apparatus. 
The first time that this experiment was attempted the results did not show very 
od agreement, but this was found to be due to moisture which was given off by 
e rubber tubing used to connect the various pieces of apparatus to the nitrogen 
r ylinder. When this rubber tubing was replaced by glass connected only by the 
\ ortest possible lengths of rubber, very close agreement between the results of the 
siree different methods was obtained. 


i} 


The weighing experiment was carried out ee passing the gas very ee over 


i 


The results obtained were as follows: 


; Chemical method 
Dew-point method.. 


\ Wet-and- oie ceconple Preiltod 


) Rate of flow of gas through phosphorus-pentoxide tubes 


Relative humidity... 


A mercury-mirror dew-point apparatus was fitted up in a vessel so that a 
arrent of nitrogen could be passed through it. A pair of wet and dry thermocouples 
ere also arranged so that the gas passed over them after passing through the 
/ew-point instrument. ; 


0-48 litre/min. 


Duration of flow os 4 hr. 48 min. 
Increase in weight of first BOR eno iis: mentors eIBE ee 0-038 g. 
ij Moisture-content of gas... 0-371 mg./litre. 
_ Air-temperature Ome: 
Density of saturated vapour at 19° °C, 4 Ps 16-4 mg./litre. 
Relative mend 2°26 per cent. 

. Dew point fe Ee 

: Air-temperature 1g:0° C, 

| Vapour pressure os 0-385 mm. 

Saturation vapour SOE at 19° ve 16°5 mm. 


2°23 pericent, 


{ } Depression of wet-junction temperature... 13-25° €, 
| Air-temperature de? oe | ane F 19°9° C. 
Relative humidity from curves... 2°4 per cent. 


‘hus we have the following values for the relative humidity by three methods: 
i] 


“ 


2°26 per cent. 
2°33 per cent. 
2°40 per cent. 


’ The agreement between these results is sufficiently close for the work for which 


‘he apparatus was designed. 


4] 
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ABSTRACT. A change of phase in a siren tone is produced by means of a special 
pacing of the slots of the siren. A corresponding interruption of the tone is heard, in 
iccordance with the resonance theory of audition. 


——— 


OME years ago I investigated the problem of introducing a sudden change of 
phase of 7 (half a wave-length) in a continuous single musical tone. A number 
of methods were tried without success, because either of noise, or of dis- 
ontinuity of sound, or of both at the moment of phase-change. The method finally 

ised was to rotate suddenly, through a few degrees, the wind chest of a de la Tour 

iren during the rotation of the siren disc. Each time this was done the intensity of 
he tone perceived by the ears was found to suffer a sudden interruption. This ex- 
eriment is quoted by Beatty‘. He adds “Békésy®, however, repeated the ex- 
eriment and was unable to detect any silent period”’. I thought it advisable therefore 

o repeat the original experiment in a different manner and this was done as follows. 

\ brass disc about 12 inches in diameter was turned truly on a steel shaft. An inner 
sircle of ninety-six equidistant slots was now milled through it from side to side, 

he distance between the first slot and the ninety-sixth slot being the same as the 

listance between any other two neighbouring slots. An outer circle of ninety-six 
equidistant slots was similarly milled through it, the distance between the first and 

the ninety-sixth slot being only half that between any of the other slots, so that a 
shange of phase of 7 was thus introduced. When the disc is rotated by an electric 
notor, and a stream of compressed air through a slot-shaped jet is directed on to the 
nner circle of slots, a continuous musical tone of constant pitch is produced. When 

the stream of air is directed on to the outer circle of slots a musical tone of constant 

bitch is heard, but this tone is interrupted once at each revolution of the disc when 
the change of phase in the tone occurs. It was found further that the interruption 


Hetected by the ears can be imitated by stopping up two neighbouring slots of the 
a circle. I concluded that the effect perceived by the ears was a true interruption 


nd not, for example, a change of pitch of the tone. This experiment, therefore, 
bonfirmed in every respect my earlier experiment. a 

| It was still possible, however, for the phase-change effect heard originally with 
the de la Tour siren and now similarly heard with the rotating disc to be due to 
changes taking place in some structure other than the cochlea of the observer. 
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Beatty, for example, suggested to me verbally that stationary waves at the walls and 
ceilings of the laboratory might explain the phenomenon, for when the siren disc is 
rotating and the musical tone is produced, some of the energy is used to set up and — 
keep going the stationary wave pattern in the laboratory. When the phase is sud- 
denly changed by z this stationary wave pattern would have to be abolished and 
would have to be replaced by an entirely fresh pattern. Powerful absorption of 
sound energy would therefore occur and this might be heard by the ear as a break 
in the sound. 

Three experiments, in all of which the attempt has been made to eliminate the 
possible effects of sound-reflection by the room, have been performed: (i) The 
experiment has been done in the open air. (ii) The experiment has been repeated 


in a sound-absorbing room. (iii) The sound has been conveyed to the ears from the _ 
slots in the rotating disc by means of a short length of thick-walled rubber tubing. — 
The open-air experiment (i) was done on a flat asphalt roof far removed from other 
buildings. A strong wind was blowing. For experiment (ii) the sound-absorbing 
room was kindly put at my disposal by the General Electric Company. The follow- 
ing particulars of the room have been given me. It was 16 ft. long by 8 ft. high and. 
10 ft. wide, covered first with two layers of cabot quilt, and completely lined with 
seven layers of Camgee tissue. The absorption of low-frequency sound energy is 
believed to be due largely to the diaphragm action of the brown paper confining the 
eel grass of the cabot quilt, the paper being elastically supported but well damped — 
on either side. In experiment (iii), the rubber pressure tube used was 13 mm. in 
outside diameter, 6 mm. in bore; and 11 in. in length. One ear was put directly to 


one end of this tube, the other end being close to the disc on the opposite side to — 
the compressed-air jet. 
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| In each case the effect perceived by the ear-was an interruption in the musical 
ife of the siren each time the change of phase occurred. Further it was found that 
similar interruption could be produced by stopping up some neighbouring slots 
ithe inner circle of slots which produced the continuous musical tone. The stop- 
'g of one slot produced an interruption that was rather less pronounced, while the 
| ping of two neighbouring slots produced an interruption that was rather more 
nounced than that produced by the change of phase. 
The resonance theory of the cochlea depends on two types of experiment for its 
ipport, (a) experiments showing that a definite place in the cochlea belongs to 
ines of a particular pitch and (b) experiments showing that there are resonators 
ewhere in the ear. With regard to the first type we may mention the recent 
periment of Hallpike and Rawdon-Smith, who found that with low-pitched tones 
: voltage-fluctuations of the action currents were greater near the apex of the 
thlea, whereas with high-pitched tones they were greater near its base. With 
ard to the second type of experiment, it is my opinion that the phase-change 
ct described in this paper comes in this category, because it is easy to explain the 
ect if there are resonators in the ear but difficult if there are not. The explanation 
the resonator theory is as follows. On change of phase several effects occur: 
The in-tune resonator comes to rest and then restarts in the new phase. This fall 
i rise in amplitude should cause an interruption in the tone to be heard. (2) The 
t-of-tune resonators on the high-frequency side accelerate after the phase-change 
til they match the new phase. (3) The out-of-tune resonators on the low-fre- 
ency side decelerate after the phase-change until they match the new phase. 
2) The resonator corresponding to the octave above the musical tone made by 
> siren receives a slight impulse if the phase-change has been produced by re- 
cing by half the time interval between the positive phases. (40) If, however, the 
ase-change has been produced by increasing by half the time interval between 
> positive phases, then it will be the resonator corresponding to the major fifth 
low the musical tone that will receive a slight impulse. (5) Most of the out-of-tune 
sonators vibrate with small amplitude for a short time after the phase has been 
anged. This should cause a noise to be heard and the noise should follow the 
erruption in the tone so closely that the two should be physiologically inseparable. 
e may say then that on the resonance theory an interruption accompanied by a 
ise should be perceived by the ears when the phase of a tone is changed 


| The effect on the ear resonators of an actual interruption in a musical tone should 
| (1) a decrease in amplitude of the in-tune resonator, (2) temporary acceleration 
{the resonators just above in pitch, (3) temporary deceleration of those just below 
|pitch, and (4) transient swings of the out-of-tune resonators when the musical 
he recommences. The physiological effect to be expected would therefore be a 
ef interruption in the musical tone accompanied by a noise due to the out-of-tune 
onators. Therefore on the resonance theory we should expect a change of phase 
produce the same sensation as a short interruption. ‘The experiments described 


ve show that such is the case. 
10-2 
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There are many theories rival to that of resonance; one very widely held is th 
telephone theory. On this theory a change of phase should produce no other effec 
than the slight sounding of either the octave above or the major fifth below the 
musical tone suffering the phase-change. Since this is not the effect heard by th 
ear we conclude that the telephone theory fails to explain the observed phe- 


nomenon. 
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DISCUSSION 


Dr R. T. Bearry. There is a formidable mass of anatomical and physical 
evidence that a frequency-analysis of sound takes place in the cochlea, so that there 
is a one-to-one relationship between pitch and position along the basilar mem- 
brane. Such localization of pitch is most plausibly explained by invoking the 
principles of resonance, and it is for this reason that the resonance theory, though 
seriously shaken in recent years, still maintains a strong position. The most direct 
evidence for resonance would be the demonstration of the existence of after-swings, 
and the author’s experiments seem to give a direct proof of their existence. 

We must, however, note that a contrary result has been obtained by Békésy,* 
who excited a telephone by an oscillatory circuit arranged so that by pressing a key 
the phase of the exciting current changed by 180°. No period of silence was 
observed. He then placed the telephone in a tuned circuit so as to increase the 
duration of the transient effect on the diaphragm and observed a silent period when 
the logarithmic decrement 6 per cycle of the tuned system was o-1. Hence he 
argues that if 6 were equal to o-r in the ear resonators the silence should be obsery- 
able, but as no silence is perceived 60-1. 

The author states that an interruption was noticed when one slot was closed. 
If we assume that a 10-per-cent decrease of amplitude of the ear resonator gives a 
perceptible effect, we have o-g=e~®, or 6=o-1, a value consistent with Békésy’s” 
result obtained with a tuned circuit. With this low value of damping we should 
anticipate a decided effect when the phase is reversed, and this has actually been 
obtained by Dr Hartridge. 

The experiment is of great importance and it is to be hoped that the discrepancy 
between the{work of the two authors will be cleared up. 


AutTHor’s reply. When I originally studied the phase-change effect in 1921 I 
found great difficulty in producing the phase-change without at the same time 
producing"noises which masked in the ears the beat produced by the phase-change. — 
One of the first methods to be tried was to connect head-phones to a 3-volt 50-cycle 
alternating current via a spring-actuated two-pole change-over switch which was 
connected in such a way as to produce a change of phase of half a cycle on release 


* Phys. Z. 29, 799 (1928). 
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| the spring. The spring-release was found to be accompanied by a loud click 
the telephones which entirely masked any phase-change effect, and this click 
's reduced but not eliminated by earthing the wire connecting the two magnet 
'bbins of the telephones. The click is probably due to sudden changes of potential 
«\the telephones, for when the switch contacts break there is a sudden drop in 
oak 0 the magnitude of which depends on the point of the cycle at which the 


ak occurs; and when the switch contacts close again there is a sudden rise in 

tential the magnitude of which depends on the point of the cycle at which 
ipsure occurs. Now by chance either breaking or making circuit might coincide 
) th one of the zero-potential points of the a.-c. cycle but it is extremely unlikely 
at both would do so, and therefore the click is unavoidable and the method a 
eless one in my hands. I therefore tried other methods of changing phase until 
ally the de la Tour siren was found to give satisfactory results.* With these 
isatisfactory results obtained with head-phones fresh in my memory I am not 
‘irprised that Békésy failed. I should indeed have been very surprised if he had 
ceeded. 


| Mr C.N. Smytu. The author has demonstrated a very interesting experiment, 
ich if sufficiently rigorous will do much to confirm the resonance theory. I 
21 however that a careful examination needs to be made before it is accepted as 
nclusive evidence. 

The proof of the theory lies in the nature of the silent period to be noticed 
iring the sudden change of phase. Is the short click heard really a silent period, 
the production of harmonics external to the ear at the sudden interruption of 
e note? 

To decide this point, electrical methods, and filters, are not conclusive enough, 
ving in part to the finite mass of the sound-producing mechanisms employed. 
fould it not, however, be possible to use a siren note of the order of 12,000 c./sec., 
that all harmonics would fall outside the audible range? This should be 
bssible with an 8-in. disc and a speed of 3000 r.p.m.; or the services of a top- 


| 


‘refully controlled conditions in a damped chamber, for a change in the loudness 
i the note. 

| AurHor’s reply. The beat ought theoretically to consist of a short silence 
us a short noise. Observation appears to confirm this. It is quite possible that 
some observers the silence, and to other observers the noise, appears to be the 
‘ominent feature. If the disc be rotated at fast speeds (e.g. 50 revolutions per 
cond) the beat is still there, but at very fast speeds (say 100 rev./sec. or more) its 
*rception fails, possibly because of the short times intervening between repetitions. 
his difficulty could be avoided by using a siren with a greater number of slots. 


he present disc is 30 cm. in diameter with 96 slots. If the number were doubled, 


* Brit. . Psychol. 12, 142 (1921). 
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the spacing being the same, the disc would have to be 60 cm. in diameter. Th 
cost of this would be well-nigh prohibitive. If sound film were used it would have | 
to pass the photocell at a speed of about 100 or 200 feet per second. If a gramo- 
phone disc were used its speed of rotation would have to be approximately 30-6¢ 
rev./sec., so that in each case difficulties, not by any means insurmountable, ma) 
be anticipated in attempting to get a tone of 12,000 c¢. /sec. 


Dr W. S. Stites. The author has used the term “‘ period of silence” in describing 
the phase-change effect. I have not had an opportunity of hearing the effect | 
before, and my first impression is of a metallic rap on a background of musical note, 
with no easily perceptible silent period. In the comparison experiment, which | 
closely simulates the phase-change effect when one or two slots are stopped, it is 
possible to lengthen the silent period by stopping more slots. I should like to ask th 
author if there is any marked change in the character of the effect observed as the 
number of stopped slots is increased. 


Autuor’s reply. The phase-change causes effects at the ear which closely 
resemble those produced by a brief interruption in a continuous tone: a silence 
plus a noise. The cause of the noise has already been elucidated.* A longer inter- 
ruption produces a relatively larger silence effect and a relatively smaller noise 
effect. 


Mr L. V. K. REIN asked whether the author had given any consideration to the 
question of bone conduction in connexion with the experiment. 


AutHor’s reply. The possible effects of bone conduction have been carefully 
considered. Since the phase-change beat is heard when the sound is led from the 
siren by a rubber tube to one ear only, the other ear being plugged, and since 
Banister found that bone conduction of sound (in contradistinction to bone con- 
duction of changes of electric potential) is negligible in man, I think it is safe to 
assume that the phase-change beat does not depend on bone conduction. 


Mr J. H. SHansy. I hope that the author will be able to join forces with Hallpike 
and Rawdon-Smith at the Middlesex Hospital, present his phase-changed and 
interrupted sounds at the cat’s ear, and observe the results both in the potentials 


produced on the loud-speaker and after the sounds have been passed through the 
cat’s auditory machinery. 


AUTHOR’s reply. Arrangements have already been made for carrying out this 
suggestion. With Dr Hallpike’s and Dr Rawdon-Smith’s assistance the wave-form 
of the siren has been photographed. With a narrow high-velocity jet it is found to 
be very peaky. With an 8-mm. jet the wave is found to be somewhat flat-topped. 
With a 5-mm. jet, or better an oval jet measuring 4 mm. x 6 mm., with its long axis 
parallel to the long axis of the slots, a very fair sine wave is obtained. When tested 


on the ear the phase effect is still there and presumably the presence of harmonics 
is therefore not necessary for the phenomenon. | 


* Hartridge, Brit. ¥. Psychol. AD, 277 (ao2T). 
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Dr J. E. R. Consrasie. The fundamental importance of the author’s very 
4 nteresting experiment justifies further attempts to obtain more conclusive results. 
“or instance, an oscillographic study of the note emitted should be made to 
\/stablish that the short hiss which formed the interruption is not present in the 
»pote emitted from the siren. It could, for example, be argued that, as is shown by 
«jhe photograph of the siren disc, the two phase-changing slots are so near together 
| /hat there is a position in which air from the jet can pass simultaneously through 
+poth. This would produce a short hiss once during each revolution, just as was 
ipbserved. A test of this explanation could be quickly made by milling a slot 
(midway between two of the slots in the inner circle of equally spaced slots. This, 
ithout introducing a phase-change, would make it possible for the air to pass 
through two slots at once. If the periodic interruption did not then appear, one 
jpould feel more sure that the phenomenon was of subjective origin. 

If an independent method of producing the phenomenon could be devised it 
vould be of very great value. The author has naturally already tried a number of 
methods. He mentioned, in particular, that electrical methods are unsatisfactory 
wing to the clicks caused by switching. There is an additional difficulty about 
lectrical and, indeed, many other methods, namely the fact that they must 
necessarily involve vibrating systems such as the diaphragm of a telephone receiver. 
[Thus if any phenomena which occur when these methods are used could be 
accounted for by resonators in the ear they could also be accounted for by the 
iresonant system used for producing the sound. The ambiguity which thus arises 
could only be dealt with by making measurements of the duration of the inter- 
‘(cuption. 

The possibility of using an electrical method of investigating the phenomena is 
therefore dependent upon the possibility of designing an electro-acoustic system the 
phase of which can be reversed in a time which is distinguishably shorter than the 
two or three periods apparently required by the ear resonators. This requirement 
would be fulfilled by an aperiodic electro-acoustic system. To be sure of the result, 
however, it would be necessary to have a more accurate method of estimating the 
length of the interruption. 

| The author’s observation of the time taken to reverse the phases of the ear 
lresonators also affords a rough method of calculating their sharpness of tuning. 
‘The reversal of the phase of the driving force would cause the response of the 
resonator to fall at first to a minimum value and then to increase again. It would, 
strictly, take an infinite time to reach its previous amplitude. However, the increase 
is rapid at the beginning, so that effectively the response returns to its original value 
in a time which is much the same as that taken for it to reach its minimum. We 
may take it therefore that the time taken for the response to reach its minimum is 
‘of the order of one period of the note. Calculations made on this basis show that 
the sharpness of tuning of the ear resonators is about 24 ; i.e. for a note of 500 c./sec. 
a mistuning of 20 c./sec. would produce a fall in the response of about 3 decibels. 


fli 
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AuTHor’s reply. With the aid of Dr Hallpike and Dr Rawdon-Smith a cathode- 
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ray oscillograph record of the note emitted has recently been obtained. With a 
suitable jet of oval or round section, contrary to expectation, a very fair sine wave: 
form can be obtained. There is of course some hiss from the siren but it does nee 
appear to affect to any obvious extent the crystal microphone used. I think Dr 
Constable’s point about air passing simultaneously through two jets is met by two 
variations of the normal procedure: (i) If we use a very small pointed nozzle 
giving a narrow high-velocity jet of air and place this close to the siren disc the 
passage of air simultaneously through two neighbouring slots seems very unlikely 
and yet the phase effect is heard in the normal manner. (ii) The phase can be 
changed not only by reducing by half a wave-length the distance between groups 
of slots but also by increasing the distance by half a wave-length. When the latter 
is done the probability of air passing through neighbouring slots is greatly decreased 
and yet the phase effect heard by the ear appears to be quite normal. With regard 
to an independent method of producing the phenomenon I am proposing to try a. 
sound-film record of a tone of constant pitch with the phase-change produced 
both by cutting a half-wave-length piece out and by putting a half-wave-length 
piece in. For loud-speaker I propose to use the Duddell sound-producing are 
since this is free from diaphragm resonances. When this apparatus has been satis- 
factorily set up I will ask Dr Constable to come and listen to the resulting phase= 
change. 

If this method proves difficult there is a gramophone-disc method which nam 
be tried as an alternative. 


=~ 
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TRACT. The paper describes an investigation of the loss of sensitivity of the 
ium-sulphur rectifier photoelectric cell with i increasing obliquity of the incident light. 
=n a restricted portion only of the surface of the cell is illuminated, it is found that the 
‘itivity increases as the centroid of the illuminated area is displaced from the centre of 
cell. This permits of a simple method of compensation for the fall in sensitivity at 
que incidence, comprising the use of a central stop arranged at a suitable distance above 
surface of the cell. 


§x1. INTRODUCTION 


HE rectifier photocell can be successfully employed for precise work in 
illumination photometry only when its sensitivity, defined as the short-circuit 
- current per unit of luminous flux, is independent of the obliquity of the 
dent light. In any actual cell there is usually a serious loss of sensitivity when 
angle of incidence exceeds 70°. 

This loss of sensitivity has been observed for many types of marketed cells, and 
bral authors”) have suggested possible methods of compensation. Measure- 
ints showing the dependence of the sensitivity for normal incidence upon the 
lition of the centroid of the illuminated area when a restricted portion only of the 
Face of the cell is illuminated are here described; they prove that the sensitivity 
I ‘eases as the centroid of the illuminated area is displaced from the centre of the 
This result permits of a method of compensation for the fall in sensitivity at 
que incidence, comprising the use of a central stop in front of the cell. 


I. 


| 
| §2. DETAILS OF APPARATUS AND SPECIFICATION 
OF MEASUREMENT 


Cells of the type designated “class A” in an earlier paper were used for the 
‘erimental work. The cell under test was mounted in a holder AB, figure 1, and 
minated by a 100-V. 250-W. projector lamp L. The lamp was fixed on an arm c 
hat it could be moved round the circumference of a semicircle of radius 100 cm., 
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whose centre O coincided with the centre of surface of the cell. When ¢ was norm 
to AB, the perpendicular to AB through O passed through the light-centre of th 
lamp, the plane of the filament being parallel to the plane of AB. A telescope wa 
used in the adjustment of the lamp filament. The dimensions of the filament wer 
such that at a distance of 100 cm. the lamp could with sufficient accuracy be re 


Figure 1. Diagrammatic representation of disposition of apparatus for measuring the 
distribution curve of sensitivity of a rectifier photocell. 


garded as a point source. Moreover, since the maximum radius of the circular plar 
surfaces mounted in the holder was only 2:5 cm., and therefore small in compariso 
with the distance of the source, the illumination could be considered to be sufficienth 
uniform over the surface for the cosine law to apply. 

The lamp was operated at go volts and gave a candle-power of 282 candles atz 
colour temperature of 2765° K.; the maximum illumination produced at the cel 
was, therefore, 282 metre-candles or 26:2 foot-candles. For the range o to 26% 
ft.-can. the following relation holds between short-circuit current, z,, and illumina 
tion E, 
i, = aE — bE? oe 
where a and b are constants. If J denotes the candle-power of the source, and d th 
radius of the semicircle, the illumination F at the surface of the cell for any angle 
of incidence, 6, is given by 


E=(I cos 6)/a?. 


Thus if the sensitivity is assumed to be independent of the obliquity of the incident 
light, equation (1) will give for the short-circuit current 7) at normal incidence: 


Sen b I 
i= Fe lt 2 at 


and at any other angle of incidence 6 the short-circuit current #g will be given by 


— glicos b Icos@ 
LOE er rape ae 


Since terms involving higher powers of the quotient b/a may with sufficient accurat 
be neglected, these equations combine to give | 


19 2 bot 
seam? +R (1 —cos a. 
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In an actual cell the sensitivity is a function f (0) of the obliquity of the incident 
ht, so that we may write 


Zg/cos 0 
1 re soe (I —cos a) 


The curve represented by this equation will be referred to as the distribution 
rve of sensitivity of the cell. The curves given in all the figures are mean-distribu- 
‘)n curves for two coplanar quadrants. 


SO) aren pe Dee (2). 


§3. UNCORRECTED DISTRIBUTION CURVES 


Selenium is extremely hygroscopic, and adequate steps must therefore be taken 
avoid exposing the selenium-sulphur film to moist air. Also exposure of the 
uttered metal to the atmosphere is found to result ultimately in its complete 
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Curve 3 
Relative brightness (arbitrary scale) 


sure 2. Distribution curves of sensitivity (1) for unlacquered cell and (2) for lacquered cell; and 
distribution curve (3) of brightness for depolished opal surface with normal view. 


integration, metallic aggregates gradually forming and giving rise to electrical 
scontinuities. A normally sensitive cell may after two months’ exposure become 
nost completely insensitive to light; the cell cannot then be restored to its previous 
nsitive state. 

The cell may be hermetically sealed with a glass window; this method is used 
‘ the Weston Photronic cell. It leads, as is shown by the ae of Goodwin ™, to 
4, increasingly serious loss of sensitivity with increase in the obliquity of ae 
cident light, owing to loss of light by reflection from the glass window. Alter- 
atively, the cell may be coated with a colourless moisture-proof permanent lacquer; 

lis method has been adopted for the cells produced at the National Physical 
aboratory. A lacquer made by the Research Association of British Paint, Colour 
ad Varnish Manufacturers has proved to be satisfactory; it contains cellulose, low- 
scosity vinyl acetate, and barkite. 

| Figure 2 gives distribution curves (1) for an unlacquered cell and (2) for the same 
ll lacquered. It also gives the brightness-distribution curve (3) for normal view 
t a ground opal glass test-surface such as is usually employed with a visual 


f (8) 


156 Geo. P. Barnard 


illuminometer. In the case of the unlacquered cell, curve (1), it is seen that the de- 
parture from the cosine law is, at any angle of incidence up to 85°, less thay that for 
the depolished opal surface, curve (3); on the other hand, when @> 80° the diverg- 
ence for the lacquered cell, curve (2), becomes increasingly greater than that for the 
opal. Without correction the lacquered cell cannot be regarded as a satisfactory 
photoelectric substitute for a visual photometer. 

The fall in sensitivity with increasing obliquity of the light may result fro mn 
(i) loss of light by specular reflection, (ii) dependence of the velocity-distribution 0! 
the photoelectrons upon the angle of incidence, or (iii) change in the state of polariza- 
tion of the light after the light has entered the selenium-sulphur film, giving rise 
to a change, dependent upon the angle of incidence, in the directional distribu- 
tion of the liberated electrons. In the case of the lacquered cell, curve (2) shows 
that much of this decrease in sensitivity is attributable to loss of light by specular 
-reflection. Methods of compensating for this fall in sensitivity will now be co 
sidered. 


§4. HEMISPHERICAL CELL WITH CIRCULAR APERTURE 


At first sight one solution of the problem of compensation would appear to be 
to form a cell on the inside of a hemispherical shell of metal and to close the hemi- 
sphere with a thin opaque disc having a small central circular aperture. From the 


+ _— 

Figure 3. Hemispherical cell with central circular aperture. 
surface of the cell is proportional to the cosine of the angle 6 between the normal 
to the plane of the aperture through its centre and the direction of the incident 
light; hence the incident light-flux is proportional to cos 6. Further, with the dimen- 
sions given in figure 3, light is incident on the hemispherical surface of the cell at an 
angle not exceeding 30°. Several hemispherical cells were constructed according to 
this design. 

A number of difficulties are involved in the construction of such cells; it is 
necessary here to mention only two. It is essential first to obtain on the inside of the 
hemispherical shell a thin and uniform coating of the selenium-sulphur mixture, 
and for this purpose a polished steel ball very slightly less than two inches in 
diameter has been used. After annealing, the hemispherical selenium-sulphur film © 
has to be sputtered, and here again the difficulty is to secure a uniform coating. The 
non-uniform electrostatic field created by the presence of the hemisphere necessi- 
tated a modified electrode arrangement, the success of which in producing uni- 
formity of sputtering was confirmed by further results obtained with cells in which | 
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= film replaced the sputtered metal film. Uniform and continuous graphite 
‘ms were obtained by careful polishing with finely powdered Acheson’s graphite. 
circular Wood’s-metal ring around the top of the hemisphere served to make 
ntact with the metal or the graphite film. 

_ The distribution curve given in figure 4 is representative of the results obtained. 
ere is a discontinuity in the curve when §=52:5°, since with further increase in 
the illuminated area on the hemispherical surface increasingly overlaps the ring 
>ctrode, so that the response falls off. 
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figure 4. Distribution curve of sensitivity for hemispherical cell with central circular aperture. 


The more important part of the curve is that from 6=0 to @=52°5°. It will be 
own below that the increase of sensitivity with 0 in this region is a consequence 
the dependence of the sensitivity upon the position of the centroid of the illumi- 
jited area with respect to the circular collecting electrode. This effect renders the 
pmispherical cell quite useless for the purpose for which it was originally designed. 


'. DEPENDENCE OF SENSITIVITY UPON THE AREA OF ILLUMINATION 
AND UPON THE POSITION OF ITS CENTROID: DISC, CELLS 


The work on the hemispherical cell indicated that the sensitivity depended 
her upon the area of illumination, or upon the position of the centroid of the 
uminated area with respect to the ring electrode, or upon both. Accordingly, a 
rther investigation of the disc cell was made, and three experiments were carried 
t. These were confined to circular illuminated areas with light incident normally. 
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§6. DETAILS OF APPARATUS AND EXPERIMENTAL WORK 


A holder for an adjustable iris diaphragm was constructed so that it could be 
mounted vertically on a three-metre photometer bench. The cell under test wa: 
mounted on a teak panel which could be easily and accurately moved in a pla e 
parallel with the plane of the diaphragm and 1 cm. behind it. The height of the cell 
was adjusted so that with a normal view its centre appeared to move along a diamete 
of the circular aperture. A 1000-W. 100-V. gas-filled projection lamp, operated at 
50 V., to give a candle-power of 2165 candles at a colour temperature of 2360° K., 
in a known direction perpendicular to the plane of the filament, was set on th 
bench so that the illumination at the surface of the cell was 10-4 ft.-can., the distance 
of the lamp filament from the cell being 139 cm. Contact with the sputtered film 
of the cell was secured by means of an opaque ring of Wood’s metal, of inside 
diameter 38cm. and of outside diameter 4:2 cm., melted centrally on to the 
selenium-sulphur film before the sputtering to serve as an electrode of the cell. 

Let 7, denote the radius of the circular illuminated area, 7, the inside radius of 
the circular electrode, and ¢ the displacement between the centres of the two circles. 

Experiment 1. Various values of ¢ in the range o to 1-2 cm. were taken, and af 
each value of ¢, 7, was increased through a range of 0-35 cm., the smallest value 
possible with the diaphragm available, to (7,—7). ‘The sensitivity of the cell was 
determined at each setting of ¢ and r,. The observations show that the sensitivity 
for any given value of ¢ is independent of the value of 7,, i.e. of the area of the 
circular illuminated spot, provided the edge of the illuminated area is not too close 
to the ring electrode. When 7, is increased from (1°7—#) to (1:9 —2), 7, being equal 
to 1-9 cm., a slight fall in sensitivity is observed up to a maximum of 5 per cent; 
but the results obtained for this region are not very consistent. We have therefore 
the following general empirical result: When the centroid of the illuminated area is 
fixed, the sensitivity is, for circular illuminated areas, independent of the area of 
illumination, so long as the edge of the illuminated spot is not very close to the 
circular electrode. 

Experiment z. With 1, fixed at 0-35 cm., values of ¢ in the range o to 1-2 cm. 
were taken. At each value of ¢ the illumination at the cell was varied over the range 
o to 17 ft.-can. A curve relating short-circuit current with illumination was thus 
obtained for each value of t. The observations showed that the deviation from true 
proportionality between short-circuit current and illumination was the same to 
within +2 per cent for all curves, and therefore that the constants a and b (of 
equation (1)) are independent of the part of the cell-surface illuminated. 

Experiment 3. ‘The lamp was set so that the illumination at the surface of the 
cell was 10°4 ft.-can., and the following values of 7; were taken: 0°375, 0°45, 0°55; 5 
0°65 and 0-75 cm. At each value of 7,, ¢ was varied through the range 0 to 7,—%, 
and the sensitivity was determined for all values of t. The results are plotted in 
figure 5, which gives the curves relating sensitivity with ¢ for the various values of 1 
It is seen that the sensitivity is markedly dependent upon the position of the illumi- 


id spot with respect to the electrode: the sensitivity increases as the edge of the 

ininated area approaches the electrode. 

‘Che increase of sensitivity with displacement of the illuminated spot towards 
cing electrode is doubtless due to the fall in electric resistance of the path of the 

i ron-current from the illuminated area to the ring electrode along the homo- 

#bous and uniform sputtered film. 

ith the smallest value of 7,, t was increased beyond r,—7,; the illuminated area 

ne selenium- “sulphur surface was thereby reduced, since the illuminated spot 
lapped the metal ring to an extent given by the formula 


72-7127 -—f? T° — 72+ 
A=r7,7 cos-1 (ea i ) —1p2 cos-} aa a ) 
art 2rot 
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e the incident light-flux is considered to be constant, the apparent sensitivity 
uced in the ratio of the effective area to the total area of illumination. This is 
vn for the case where 7,=0-375 cm. in figure 5. 
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7, = 0-375 cm. 


Sensitivity (arbitrary scale) 


0 0-5 0) 15 2-0 
Distance t (cm.) 
‘igure 5. Curve showing the dependence of sensitivity upon the position of the centroid of 
the circular illuminated spot for various values of 7,. 

he observations made in this experiment give the following general empirical 
It: When a restricted area only of the surface is illuminated, the sensitivity 
nds upon the position of the centroid of this area, increasing with the displace- 
t of the centroid from the centre towards the periphery of the cell. 


§7, DISTRIBUTION CURVES FOR DISC CELLS 
PROVIDED WITH CENTRAL STOPS 


It is seen from figure 5 that advantage may be taken of the increase of sensitivity 
1 tin order to compensate for the loss in sensitivity of the disc cell with increasing 
quity of the incident light, by providing an aperture of suitable radius fixed 
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centrally at a suitable distance above the surface of the cell. Measurements ha 
been made, with steel and aluminium apertures of various radii, on a number 
cells. Representative results are plotted in figures 6 and 7. The correct position : 
the aperture was determined when the perpendicular to the surface of the o 
through its electrical centre passed through the centre of the aperture. The elect ce 
centre was usually at the geometrical centre, but in some cases it appeared to h 
slightly displaced. At the inside edge of the aperture the thickness of the met 
diaphragm was usually made about 0-3 mm. The distance of the aperture from th 
surface of the cell was measured with a micrometer depth gauge. In figures 6 and 
the line C marks the angle of the incident light at which the edge of the illuminate 
spot reaches the collecting ring; further increase in obliquity beyond C would, | 
course, result in a large decrease in apparent sensitivity. ; 

With an aperture of radius 0°75 cm., at a distance of 0-75 mm. from the surfa 
of the cell, the deviation of f (0), equation (2), from unity is not greater than +3 pe 
cent for any value of @ from o to 85°, figure 7; with the same aperture at a distane 
of 0-70 mm. the divergence is not greater than +5 per cent for any value of 6 fron 
o to 87°. These results hold to within +2 per cent over a range of illumination ¢ 
o to 25 ft.-can. at normal incidence. It is only necessary to compare figures 6 and 
with figure 2 to realize the success of this method of compensation in neutralizing 
the falling away of sensitivity of rectifier photoelectric cells with obliquity of the 
incident light. 

The use of a central stop naturally involves a considerable reduction in the tots 
short-circuit current per foot-candle. For example, a cell of sensitivity 260A. /lu 
gives approximately 3-5A./ft.-can. without the aperture, and only about o-5yA/ 
ft.-can. with the aperture. A larger aperture is not very satisfactory, as is shown bi 
the results plotted in figure 6. The sensitivity can of course be increased by making 
larger cells. 


§8. DISTRIBUTION CURVES FOR DISC CELLS PROVIDED WITH | 
CENTRAL STOPS: COLOURED LIGHT 


If the specular reflection factor of the cell-surface is markedly dependent upon 
the wave-length of the incident light, the distribution curve given in figure 
curve (2), will only apply for light of colour temperature 2765° K. Actually, hows 
ever, Pfund “) showed that the maximum variation of the reflection factor of al 
annealed selenium plate throughout the wave-length range 4500 to 7000 A. was” 
only about 15 per cent of its minimum value. In consequence no very considerable 
change in the distribution curve is to be expected in the usual range of colour tem- 
perature encountered in photometry. 

In order to examine this, a holder to carry a standard colour filter was fixed neat 
and in front of the lamp L on the arm c, figure 1. The lamp was operated at 96 V 
at a colour temperature of 2830° K., and a central stop of radius 0-75 cm. was fixed 
at a distance of 0-75 mm. from the surface of the cell. The distribution curve was 
then determined for white light. A colour filter was inserted in the holder, and the 
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| stribution curve redetermined. Distribution curves were obtained with the fol- 
‘}wing colour filters: light green, ortho green, daylight, light orange and light red. 


Radius of aperture, 1°0 cm. 


ve iaaey ae 7 aaa 
(1) Distance from surface, 1-2 mm 
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Figure 6. Distribution curves for disc cell with central circular stop. 
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Figure 7. Distribution curves for disc cell with central circular stop. 


| oe ‘ee | 
The quotient of f (0), for coloured light and f (8) for white light is plotted against 0 


‘or each filter in figure 8. The results are sufficient to show that with the usual colour- 
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differences encountered in illumination photometry, the departures from the 
tribution curve given in figure 7, curve (2), are unlikely to be greater than + 10p 
cent, and in most cases would be much less than this. 


gor ive light green 


: | 


CF. 4, light orange 


f(8)- 1°00 
F(8) 0-95 
0-90 


1-05 
f (8), 1°00 
(8) 095 
0-90 


0 10 20 30 40 : 50 60 70 80 90 
Figure 8. Distribution curves for coloured light: f (6),/f(@) versus 9. 
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DISCUSSION 
Prof. L. C. Martin asked the author to give particulars of the colour filters 
used by him. 


Dr O. Owen asked whether results such as those expressed in figure 5 were 
deducible from any theories of the rectifier cell. 
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Ch Dr W. D. Wricur enquired whether the characteristics shown in figure 5 
saried from cell to cell or were common to all cells of a given type. 


| AvuTHor’s reply. The details desired by Prof. Martin are given in figure 9, 
‘yhich gives the spectral transmissions of the colour filters from 4000 to 7500 A. 
i/rom these curves, the spectro-photoelectrical sensitivity curve, and the 
ipectral-energy distribution curve of the tungsten-filament source operating at a 
jjolour temperature of 2830° K., the effective wave-length and the effective integral 
*yansmission ratio of each filter can be calculated. 
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Figure 9. Spectral transmissions of colour filters used to obtain distribution 
curves for coloured light, figure 8. 


| I have attempted to find a theoretical explanation of the shape of the curves 
ja figure 5. Strictly, the problem cannot be considered simply as one of conduction 
ja two dimensions. Again, only when ¢, the displacement, is zero is the distribution 
bf electron-flow along the homogeneous and uniform sputtered film radial. The 
theoretical investigation is not yet complete, but at present it appears that the 
ivailable data necessitate a number of simplifying assumptions which would render 
loubtful the value of any theoretical explanation. I thank Dr Owen for his query. 
The curves given in figure 5 are, of course, only valid for the cells described in a 
‘oe paper. For cells of the type designated class A in that paper, experience 


nas shown that the results hold to within 2~3 per cent. 


: 


II-2 


537-322.3:546.49 


THE LONGITUDINAL THERMOELECTRIC 
EFFECT: (6) MERCURY 


By J. L. CH’EN anv W. BAND, Yenching University, 
Peiping, China 


Received August 2, 1935. Read in title November 1, 1935 


ABSTRACT. The Benedicks e.m.f. in mercury contained in an unconstricted glass tube 
is observed to undergo a reversible decrease with increasing temperatures. The result is in 
qualitative agreement with previous work. It is suggested that there is an anisotropic 
quasicrystalline arrangement of the surface molecules of the mercury depending on tem- 
perature. Quantitative analysis of the temperature distribution failed to give the homo- 
geneous coefficients, presumably because the effect of temperature on the constants is too 


marked. 
§1. INTRODUCTION 


Benedicks effect has been realized from the first. Benedicks claimed to have 


T= importance of mercury in the controversy concerning the existence of the 
(1) 


established the existence of the effect in mercury in 1917 
(2) 


and published 
corroborative results in 1919. During that year, however, Haga and Zernicke® 
announced negative results and tried to explain away Benedick’s evidence. In 1920 
Gouineau™ confirmed Benedicks’s results again, using mercury in a constricted 
glass tube. In that year Benedicks himself reproduced his own original results 
using constricted tubes of glass, slate and compressed asbestos. In 1921 Bernade™ 
also obtained results using slate containers; he noticed a decrease of the effect with 
increasing temperature, a phenomenon that was known to Benedicks™, and he was 
led by this to explain the e.m.f. as due to surface effects between the mercury and 
- the slate container. 

The most recent work by Tsutsui avoids the constricted tube, and immerses 
the mercury in a uniform capillary glass tube. Tsutsui verified previous positive 
results, in general, but concluded that the e.m.f. must be due to a molecular or ioni¢ 
layer constituting the interface between the mercury and glass. 

In view of the lack of conclusive agreement, it was thought worth while to check 
the results for mercury again in the light of methods developed and results obtained 
here in connexion with other metals. 


§2. EXPERIMENTAL METHOD 


The heating-system was the same as that used in work on silver® to produce 
asymmetrical temperature-distributions. The mercury was contained in the same 
glass tube that was used previously to insulate the silver specimen from the brass 
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ermal shield. Outside the heating-system the glass tube was connected with 
exible rubber tubes consisting of bicycle valve tubing; these carried the mercury 
{own to the thermostat where junction with the copper leads was effected. To insure 
+ complete circuit within the mercury a T piece was inserted near the heating- 
jvstem and the mercury-level in this was kept above that in the heater. This open 
tad also served to take up the mercury forced from the heater by thermal expansion 
(juring tests. 

No satisfactory method could be devised of getting a map of the temperature- 
jjistribution in the mercury. All that could be said was that for the same heating- 
urrent that was used formerly, the temperature-distribution would be roughly 
imilar with that obtained for wires passing through the glass tube. Since however 
he mercury represents a greater cross-section of good conducting material than was 
present in the case of a wire specimen, the temperature-gradients would certainly 
ve less steep. This means that no good analysis of the e.m.f. is possible from the 
yoint of view of the theory used in previous papers. It is also difficult to see how we 
ould improve this situation, even by inserting a travelling thermocouple in the body 
f the mercury: even if the mere mechanical difficulties in the way of such a device 
were overcome it would still be doubtful whether the thermo-e.m.f. of the couple 
ould be successfully insulated from the mercury circuit. 

To get a rough estimate, the effect was tried of inserting wires of greater cross- 
jection, together with the thermocouple in place of the mercury. It was found to 
ecrease the maximum temperature by a few units per cent. We estimate that at 
jeast an approximate idea of the maximum temperature can be found for the case of 
mercury by subtracting 10 per cent from the values previously found for corre- 
ponding values of the heating-current. Had the values of the e.m.f. given promise 
of better analysis, this method of approximation to the temperatures would have 
»een pursued in greater detail. The e.m.f. was measured by the Paschen galvano- 
meter as before, with its sensitivity at o-og4uV./cm. 


§3. RESULTS AND DISCUSSION 


In the following table the e.m.f. is recorded against the approximate maximum 
temperature found as mentioned above. In each case the temperature of the water 
loath, which was at the lowest point of the temperature-distribution, was near 20° C. 


- Temperature (° C.) 53 72 ieee TOON TS mum 3OmEELA 4S a sTOOMEEI UC 
E.m.f. (vV.) 240) 203-233 047) -033— -CO5) <005 <003  <000 
The sudden drop in e.m.f. between 95° and 106° was reversible; in fact in one 
test the jump of e.m-f. as the temperature dropped was greater than that shown in 
the above table, which was obtained with progressively increasing temperature. 
It will at once be noticed that these results agree, qualitatively, with the positive 
results obtained before as regards variation with temperature. Further, Benedicks G) 
reported his e.m.f. to be of the order of only 0.035 pV. fora temperature-difference 
of 975°C. across the constriction. This temperature-difference corresponds 
roughly with our maximum temperature 117° in the above table, and the e.m.f. 
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there recorded is almost identical with that of Benedicks. This agreement must be 
partly fortuitous because the constriction must have caused quite a different tem- 
perature-distribution in Benedicks’s case. | 

A rough temperature-analysis was used in an attempt to find homogeneous con- 
stants for correlating the three larger e.m.f’s. of the above table. No agreement could 
be found. ; 

This failure is surprising in that mercury is more certainly homogeneous than 
the other metals in which homogeneous coefficients were found. The most obvious 
explanation would be that, although the effect is truly homogeneous, the so-called 
homogeneous coefficients undergo such a rapid decrease with increasing temperature 
that the methods of analysis here used fail. 

However, let us first approach the question in a slightly different manner. 
Results recently reported for nickel led us to the suggestion that the homogeneous 
coefficients were really due to nonisotropic properties of the metal; i.e. to regulari y 
in the arrangement of the microcrystals of the metal. It was pointed out that this 
view does not contradict the homogeneity theory, but merely supplements that 
theory. 

From this point of view, we are led to enquire what factor in the case of mercury 
can provide nonisotropic regularity of structure in such a homogeneous substance. 
Evidently the surface layer of mercury moleculesis one possible factor. Langmuir’s"? 
work on monomolecular films of organic substances in contact with glass suggests 
at least the possibility of regular molecular arrangements in the surfaces even of 
liquids like mercury. Direct proof of the existence of highly oriented quasicrystal- 
line structure in the surface of liquid paraffin has been obtained by X-ray diffraction ~ 
methods”), We can find no references to investigations on these lines concerning 
mercury, but it seems plausible to assume that liquid crystals would exist in the 
surface layer. Such a hypothesis would successfully account for the reversibility of 
the e.m.f. with respect to temperature-variation. 

The connexion between surface quasicrystals and surface tension should be 
intimate. The work of Burdon” on the surface tension of mercury shows a steady 
decrease of 0:23 dyne per degree up to 230° C.; there is no sudden change near 
100° C. corresponding with the sudden change in thermo-e.m.f. observed in the” 
present work. It therefore becomes doubtful if the larger e.m.fs. observed at tem- 
peratures below 100° C. can be explained by this surface-crystal theory. It is also 
doubtful if surface contamination could explain the low-temperature results, because 
such a hypothesis would hardly be consistent with the good reversibility of the 
sudden change near 100°. 

In fact it seems necessary to postulate the existence within the body of the liquid 
of quasicrystals whose existence is possible only at temperatures below about 
100° C. We hesitate to make this hypothesis because we can find no direct evidence _ 
for it in the literature, although the general idea is familiar >), 
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ABSTRACT. The homogeneous thermoelectric e.m.f. in nickel is examined for various 
tensions up to 8 kg. in a pure wire of diameter I mm. Analysis gives the new constants: 
(Benedick coefficients) as functions of magnetic field and tension. An antisymmetric part 
of the e.m.f. with respect to the magnetization has been discovered. Evidence suggesting 
that the effect is controlled by the regularity (anisotropy) of arrangement of the micro- 
crystals within the wire is given. 


§1. APPARATUS 


nickel™. The temperature mapping followed the same procedure as that 
discussed in part 1 of this work®, and in the work of Ch’en and Band on 
silver, The e.m.f. was modified to yield greater precision and this change consti- 
tutes the chief departure in technique from methods already described in previous 
communications. . 

In the first place the e.m.f. found was considerably smaller than that previously 
obtained for nickel, and the sensitivity of the modified potentiometer used in that 
work was not sufficient. To use the galvanometer method employed in earlier work 
was felt to be unsatisfactory because it was hoped to make use of the present work 
in a more precise analysis of the results reported in part 1. The latter were obtained 

_by a potentiometer method in which no current is drawn from the specimen under 
test and a similar arrangement should therefore be adopted in the present work. — 
The following scheme was adopted after several preliminary experiments with — 
alternative systems. 

Figure 1 shows the circuit. A controllable working current is maintained in a 
resistance box B by means of a 2-volt Edison cell and an external rheostat. In 
parallel with a variable tap in the resistance B is connected a standard 10,000-ohm 
resistance box S.* The e.m.f. from the specimen is connected in series with a 
Paschen galvanometer across the 1o-ohm section in S, this part of the circuit being 
provided with a mercury contact switch. All the connexions, the key, and the 
standard resistance were shielded electrically. The potential-drop across the 10,000 
ohms was measured with a K-type potentiometer K with the usual accessories. 

The procedure thus consists simply of choosing appropriate plugs in the re- 
sistance box B and a finer adjustment of the rheostat R until the Paschen galvano- 


Ts heating-system was the identical set used in the work of Pi and Band on 


* Manufactured by Hartmann and Braun, A.G. Correct to 20° C. 
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‘ter indicates zero current through the test wire. The potentiometer K then gives 
i\etly 1000 times the actual e.m.f. required. Since this potentiometer is capable of 
jjasuring voltages as small as o-5V. it is theoretically possible to get a quite 
jtastic order of sensitivity in this way, provided the Paschen galvanometer is 
ijusted to have a long period. It is found, however, in practice that fluctuations in 
‘| controlled working current make it impossible to maintain a balance of such 
j-cision long enough to measure it. It is therefore necessary to be satisfied with as 
if 7 a sensitivity as permissible, in order to avoid such incidental variations. The 
f 

} 


vanometer was adjusted with a period of about 2 seconds, and the potentiometer 
4;was used in its less sensitive arrangement; final e.m.f. readings were recorded 
LY to o-orpV., corresponding to a precision of 1ouV. in the potential-difference 
ljectly measured by the potentiometer. Balance could be kept easily enough for 


e€ 1. System for measuring e.m.f. K, K-type potentiometer (accessories not shown); R, variable 
rheostat; B, resistance box, variable tapping; S, standard resistance box, 10,000 9.; P, Paschen 
galvanometer; m, mercury contact key; H, e.m.f. under test. 


| The open-circuit reading of the Paschen galvanometer was found to be inde- 
adent of stray fields from outside. Reversal of neither the magnetizing field nor 
heating current caused any detectable change. The mercury switch was provided 
h a sufficiently long handle for manual operation and treated carefully. It caused 
zht changes, but only during the first few minutes after initial adjustments. Both 
es of the switch were kept at the same temperature by keeping the switch closed 
st of the time throughout the course of the experiments. It was opened only for 
‘mentary tests of the open-circuit zero at each null adjustment. 


A a ~~ 


§2. RESULTS 


'T/dx)?.dT, for these distributions are given in the following table: 


Temperature map 
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For each temperature the thermomechanical e.m.f. was first found, the combined 
results being shown in figure 3. There was a slight hysteresis, the return curves 
lacking the hump in the region between zero and 2-kg. tension, but the final e.m.f. 
was in each case nearly the same as the initial value. The hysteresis depends upon 
time, and is evidently connected with elastic recovery after stretching. 


Temperature (°C.) 


OZ SA TIGNES aOMI2? TA 6 PG 20) 22 
Distance (cm.) 


Figure 2. The four temperature maps. (The extent of the centimetre scale coincides with that o 
the uniform part of the field of the solenoid.) 


Ls) 


(uV.) 


Thermomechanical e.m.f. 


Tension (kg.) 


Figure 3. Thermomechanical e.m.f. The numbers refer to the temperature maps of figure 2. 


These results were analysed according to the formula 
E=aA+bB, 


the method described previously®. It gave the curves for a and b as functions of 
tension shown in figure 4. . 
The study of thermomagnetic hysteresis at}zero tension was next attempted by 
means of the hysteresis switching arrangement described in part 1. The resulting 
curve was so complex that it was decided to concentrate attention on the initial rise 
of e.m.f. with slowly increasing fields before proceeding with hysteresis studies. 
This was carried out for both increasing positive and increasing negative fields, 
where positive field H was directed along AB in figure 2 with respect to the tem- 
perature-distribution. Each set of readings was followed by thorough demagnetiza- 
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om and the initial reading was checked. The results are shown in figure 5. Con- 
ary to expectation the e.m.f. was found to be greatly different for the reversed H, 
id a special study was therefore made in the region of small fields. Figure 6 shows 
yese results. For values of the magnetizing current* between o and ¥o0-2 A. the 


m.f. is exactly antisymmetrical with respect’to the field; outside of this range the 
irves are entirely different. 


Tension (kg.) 


Figure 4. Analysis of the thermomechanical e.m.f. 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 5. Thermomagnetic e.m.f. Four curves for the four temperature-distributions shown 
i 5 in figure 2. (Zero tension.) 


- Similar results were obtained for a series of different tensions* up to 8 kg. ‘The 
ilues of e.m.f. obtained are summarized in figures 7 to 12. The initial antisymmetry 
rt small fields becomes progressively less with increasing tension. 

Analysis of all these data was carried out as before. The resulting values of a and 


* A tension of 1 kg. is equivalent to 127 kg./cm? and a magnetizing current of 1 A. gives a 
gnetic field of 303 gauss. 
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b lie on smooth curves—see figures 13 and 14. On computation from these valu 
the e.m.fs. are in agreement with observed values to within o-o5pV. 


Thermomagnetic e.m.f. (uV.) 


0 Orl «02 «03 0-4 0+5 


Magnetizing current (A.) 


Figure 6. Thermomagnetic e.m.f. Data for a magnetizing field less than 0-5 A.; an enlarged vie 
of the centre part of figure 5. (Zero tension.) 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 7. Thermomagnetic e.m.f. with tension 2 kg. 


The curves for a can be resolved into symmetrical and antisymmetrical parts ) 
the formulae: 


a, =% (at++a7-) symmetrical, 

aqg=% (a+ —a~) antisymmetrical, 
where a* and a~ mean corresponding values of a for equal positive and negative 
values of H respectively. The curves for 6 can be similarly resolved. A plot of ay 
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;hown in figure 15, reveals some similarity between the behaviour of these sym- 
etrical parts and that of the Thomson potential-gradient inferred from figure 7 


Thermomagnetic e.m.f. (uV.) 


0-2 0:3 0-4 05 


Magnetizing current (A.) 


Figure 8. Thermomagnetic e.m.f. with tension 2 kg. An enlarged view of 
centre part of figure 7. 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 9. Thermomagnetic e.m.f. with tension 4 kg. 


F part 1. The antisymmetrical parts shown in figure 16 are quite peculiar, showing, 
wever, a definite critical magnetic field (at a current of 0-2 A.) which is identical 
ith the field at which the sharp minimum in the hysteresis loops was found in 
rt I. 
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§3. DISCUSSION 


Two points call immediately for special discussion. In the first place the value 
of the e.m.f. and finally the values of a and b here found for nickel are entirely dif 
ferent from those found previously“. Thus for zero field and a tension of 2 kg. the 


present work gives 
a=2-5 10-” volt-cm./° C%, 


b= —1-4 10712 volt-cm?/° C?, 
whereas the corresponding result previously found was 

a=1°8 10-° volt-cm./° C’, 

b= —1°85 10-" volt-cm?/° C? 
The effect of reversing the magnetizing current was not noticed previously, nor was 
the region for small currents studied. The only essential difference between the two 


0 O-l 0-2 03 0-4 055 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 10. Thermomagnetic e.m.f. with tension 4 kg. An enlarged view of the 
centre part of figure 9. : . 


samples of wire was in their diameters, which were 0-5 mm. previously and 1-0 mn 
in the present work. Both were from the same shipment from Schering-Kahlbaum 
ACG: | 

Presumably in the drawing process the final crystalline arrangement will depend 
considerably upon the diameter. It has been shown by Clark that the drawing 
process introduces anisotropy in the crystalline arrangement within the wire. These 
two observations would suggest that perhaps the size and mutual arrangement of the 
crystals of the metal control the homogeneous coefficients. It should be pointed out, 
however, that this does not mean that the e.m.f. is not a truly homogeneous effect} 
the wire must be homogeneous in structure, at least statistically, even though not 
isotropic. If it were not homogeneous, the analysis used in this work would not 
succeed: a point which should be clear in the light of results discussed concerning 
aluminium‘, However it must be admitted that the constants a and b can no 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 11. Thermomagnetic e.m.f. with tension 6 kg. 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 12. Thermomagnetic e.m.f. with tension 8 kg. 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 13. Analysis of thermomagnetic values of a against H for tensions 0, 2, 4, 6 and 8 kg. 
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longer be regarded as essential properties of the metals themselves ; presumably the 
will depend greatly upon the previous mechanical and thermal treatment of th 


specimens, if such treatment is sufficient to permanently disturb the crystallir 
arrangement of the metal. 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 14. Analysis of thermomagnetic e.m.f. Values of b against H for tensions 0, 2, 4, 6, 8 kg 


Thermomagnetic e.m.f.(uV.) 


Magnetizing current (A.) 


Figure 15. Analysis of thermomagnetic e.m.f. Symmetrical part of a for tensions 0, 2, 4, 6, 8 kg, 


Thermomagnetic e.m.f. (uV.) 


Magnetizing current (A.) 


Figure 16. Analysis of thermomagnetic e.m.f. Antisymmetrical part of a for tensions 0, 2, 4, 6, 8k 


Since the e.m.f. obtained for the thinner wire was greater than that found fe 
the — 1-0 mm. specimen, it would suggest that greater anisotropy produced greatet 
e.m.f. Experiments on single crystals are called for to decide whether this is due t 
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ji integration of elementary effects within the microcrystals or to contact effects at 
‘ surfaces between the microcrystals. 
_ In the second place it is natural to seek for some explanation of the quite un- 
M ested form of the curves representing e.m.f. and a and b against magnetizing 
ld. The first suggestions that occur are that (1) some leak from the magnetizing 
‘trent became connected with the specimen and disturbed the results, or (ii) some 
jriation of the zero position of the galvanometer was caused by the magnetic field. 
he latter was ruled out by preliminary (and subsequent corroborative) direct 
sts. The former seems unable to explain the actual form of the antisymmetry of 
\m.f. against H; moreover there is no apparent possibility of mutual contact be- 
jveen the two circuits, as was verified by means of telephone tests. The leak should be 
rectly proportional to the magnetizing current, not merely for small currents, but 
so for larger values; this is rhine ta be not the case for the actual e.m.fs. 
jpserved. 
Further, the genuine nature of the ava cioetretsieal part of the e.m.f. (and of the 
mstants a, b) is supported by the coincidence between values of magnetizing 
girrent, 0-2 A., in this work and in the work of part 1 where sharp changes in the 
m.f. were observed ; the two pieces of work were performed on different specimens 
' wire from the same roll, in different heating-systems, and with different e.m.f. 
easuring arrangements. 
Speaking in perfectly general terms, we may say that the asymmetrical tempera- 
re-distribution, by virtue of the asymmetry, does define a definite sense of direc- 
on in the specimen. It is therefore not impossible for the sense or sign of the mag- 
etization also to have some significance when the latter is superposed upon such 
‘temperature-distribution. Up to the present there is no satisfactory physical 
neory to explain why the thermoelectric force depends upon the temperature- 
-adient as well as the temperature-difference, although the dependence has been 
<pressed analytically above. We suppose now that the phenomena described in the 
resent paper will have a considerable bearing on the search for such a physical 
eory. 

The correlation of the present results with those of part 1 is reserved for another 
ymmunication. 
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DUST FIGURES FORMED BY AN ELECTRIC SPAR 
By A.-E. BATE, M.Sc., Pu.D., F.Inst.P. 


Received Fune 28, 1935. Read, with demonstration, November 15, 1935 


ABSTRACT. The dust figures produced by the sound waves generated by electri 
sparks passing between a pair of spark gaps in series show interference. Measurement 
of the patterns made when the distance between the gaps ranged from 15 cm. to 3 cm 
show that the wave-length of the sound is constant. When a single spark gap was placed 
between walls, the sparks produced modified patterns. These are explained by the method 
of images. The patterns may be regarded as sound maps, and should prove useful it 
illustrating acoustical phenomena such as the directive properties of cones for highs 
frequency sound. 


§x. INTRODUCTION 


HEN an electric spark is passed near a dusty surface the dust is rangec 

\ / into concentric rings of striae round the spark, the distance between 
successive rings diminishing as the radii increase. This phenomenon 

been the subject of many investigations, among the earliest being those of Mac 
and Rosicky“, and among the more recent those of Richmond®, Robinson, 
Marsh and Nottage“, Campbell and Dye“, and Barton and Kilby“. The con: 
clusions to be drawn from these papers are as follows: (a) The striae are due to 
hydrodynamic forces set up by sound waves. (5) The frequency of the sound 
waves is not necessarily the same as that of the spark. (c) The spacing of the striz 
varies with the intensity of the disturbance producing them. 
The writer repeated the investigation and extended it to the formation of 
figures by two and three sparks in series, and those formed when a single spark 
was enclosed between walls. 


§2. APPARATUS 


The apparatus consisted of a coil and condensers for the production of the 
sparks, spark gaps which could be arranged to give two or three sparks in series, 
levelling-screws, and plane glass plates, some of which were formed with holes 
about 1 cm. in diameter to allow a complete pattern to be produced round a vertical 
spark. 


§3. PROCEDURE 


Single sparks. One of the plates was cleaned, levelled and lightly dusted with 
dried lycopodium spores which had been sifted to produce uniformity of size. After 
the lower point of the gap had been set level with the surface of the glass, several” 
sparks were passed through the hole in the plate. As has already been stated, the 
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Central backbone 


Figure 1. Pattern formed by twin sparks 


Figure 2. Pattern formed by twin sparks 
in series, 15 cm. apart. 


in series, 4°5 cm. apart. 


Figure 5(a). Pattern formed in a rectangular 


Figure 6. Pattern formed in a horn section 
enclosure by a spark from a single source. 


(p. 180), spark at narrow end. 
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Figure 5(b). Key to figure 5 (@) showing main features only. 
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esulting pattern was made up of concentric rings of powder with the spark as 
entre. Prolonged sparking only served to accentuate the patterns and to remove 
he powder from the vicinity of the spark. 
Double sparks. Two sparks in series gave patterns which show interference effects, 
gures 1 and 2. Each of these patterns was produced by sparking under identical 
Pee tions except that the sparks were at different distances apart, the positions of 
ne sparks being indicated by the absence of powder. Interference implies the 
ropagation of waves by both sparks. 

The striae in the patterns follow a general form. Midway between the sparks 
nd at right-angles to the line joining them is a backbone in which two sets of striae 


jccur. In interpreting these it must be remembered that the resultant effect of the 
TE te, 
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Figure 3. Patterns developed by three sparks in series. Spark gaps are denoted by dots. 


iparks is at right angles to the direction of the striae. The striae nearer the sparks 
indicate that standing waves are set up between the latter. Farther out along the 
Jackbone the striae are parallel to the line joining the sparks, and thus indicate 
inforcement of the waves, which must be progressive. Adjoining the backbone 
re areas in which the powder is undisturbed, and these are succeeded by areas 
owing reinforcement. The areas in which the powder is not disturbed are zones* 
interference in which the distances of a mean point from each spark differ by 
alf a wave-length. Measurements of patterns in which the sparks were separated 
distances varying from 1°5, 3:0, 4°5, ..., up to 15 cm. gave A=1°7 cm. 


* When the gaps are close together, the contours of the dust-clear areas show the'directions of 
\terference and reinforcement. 
: 12-2 
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These results were obtained on the assumption that the velocity of the soun 
was constant. Actually the velocity is greater near the spark but falls rapidly to th 
normal. Foley” found that the velocity of a pulse from an intense spark fel 
rapidly from 660 m./sec. at 3 mm. from the spark to almost normal at 18 mm., an 
that the initial velocity varied with the intensity of the spark. The sparks used it 
the present experiments were less intense than those of Foley, and it is probable tha 
no appreciable error arises in consequence of the assumption that was made. 

Three gaps. Three equal gaps in series were next used; their positions and thos 
of the resulting striae are shown diagrammatically in figure 3 for four differen 
arrangements. " 

All patterns showed the backbone striae midway between each pair of sparks 
and at right angles to the line joining them. . 

When the gaps are in line and close together, the adjacent backbones overlap 
and extend for some distance; this indicates reinforcement in the area at right angles 
to the line joining the sparks. Maximum reinforcement should occur when th 
distance between the gaps is half a wave-length, for, as Lord Rayleigh™ pointe 
out, when several sources of sound of the same frequency are in line and ar 
separated by one or an integral number of half-wave-lengths, they project a beam 
of sound at right angles to the line. Owing, however, to the occurrence of dire 
sparking between the adjacent gaps when these were close together, the leas 
distance between the sparks that could be used in practice was 1°5 cm. 


§4. PATTERNS IN CHANNELS 


Parallel channels. wo rectangular pieces of wood were placed parallel to eacl 
other on a glass plate and the channel between them was sprinkled with lycopodium 
powder. Several sparks were passed from a single gap placed at the centre of oné 
end of the channel. The resulting pattern showed a central backbone with narrowet 
backbones running along each side of the channel, the striae in the three being 
ranged at right angles to the channel, figure 6. 

When the walls of the channel were close together the striae from the thre 
backbones met to form a single backbone, but when the walls were a few centimetre: 
apart the powder which lay between the backbones was ranged into striae along th 
channel, and indicated the presence of standing waves. The distance between tht 
walls and the adjacent set of longitudinal striae, being A/4, may be used to determin 
the wave-length. 

An interesting pattern was obtained when the spark gap was a centimetre or s¢ 
from the axis of the channel, for four sets of striae appeared, figure 4(a), one along 
each wall, the third along a line through the spark gap, and the fourth symmetrical} 
placed with respect to the third. These patterns can be explained by applying the 
method of images. Let AB and CD, figure 4(b), represent the walls and S the 
spark gap. Denote primary and secondary images by S,, .S,’, Sj, So’, .ilae 
secondary of S, being S, and so on. Suppose S and S, to be isolated sparks; then 
the resulting backbone striae will lie midway between them, i.e. along AB. Similarly 
Sand S;’ will give rise to the striae along CD, S, and S,’ to SX, S, and S,’ to TY 
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[ 4 it is obvious that the other pairs of images reinforce either of the existing four 
ckbones. When the spark is central, SX and T'Y coincide. 

»| Inclined channels. If the sides of the channel are not parallel, the four back- 

ynes appear, but lie on lines which radiate from the point at which the walls 

vuld intersect if produced; two lie along the walls, and the other two are sym- 

| trical, one passing through the spark gap. 


x yi D 
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Figure 4. Eccentric spark between parallel walls; (a) main features of striae, 
(6) mirror images of spark S 


§5. PATTERNS IN RECTANGULAR ENCLOSURES 


_ Patterns formed by a series of sparks from a spark gap in a rectangular enclosure 
ow that the parallel-channel effects due to the opposite pairs of sides are super- 
»sed, and that these are modified by the inclined-channel effects arising from the 
jacent pairs of sides, figure 5(a). Thus the focus at 7, figure 5(b), is due to the 
'‘tersection of the backbone striae, and the inclined backbone LV is due to the 
clined sides LM, LP. Finally, the standing waves due to reflection at the walls 
count for the striae parallel to the walls; these striae coupled with the inclined 
ickbones undoubtedly explain the dimpled appearance of the pattern. 

When the walls were covered by a glass ceiling the general form of the patterns 
mained the same, but the spacing of the striae was modified. 


§6. SIGNIFICANCE OF THE PATTERNS 


These patterns may be regarded as maps of sound, and should be useful in 
-edicting the acoustical properties of an enclosure. If the floor of a three-dimen- 

nal scale model of an auditorium be sprinkled with powder and sparks be passed 
‘the point corresponding to the position to be occupied by the speaker or other 
urce of sound, the resulting pattern on the floor is sensibly a map of the sound 
Es developed at the level of the ears of an audience. Different wave-lengths 
ay be tested by altering the wave-length of the spark-pulse or by maintaining a 
stant spark and altering the scale of the model. The effect of draping may be 
mulated by attaching felt to the model. 
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§7. HORN SECTION 


The method was used to trace the path of sound along the section of a horn 
with curved sides and a curved axis. Two small blocks were shaped to resemble 
the sections of the sides of such a horn and were placed on a glass plate at suitable 
distances apart. After the plate had been sprinkled with powder, sparks were passed 
at the narrow end of the channel. The experiment was repeated with various 
distances between the blocks. The patterns thus obtained were found to differ, for 
when the channel was narrow the striae curved round the bend at right angles to 
the axis of the section, but when the width of the channel was increased the pattern 
showed a distinct reflection at the concave bend, which probably indicates the 
presence ofa filtering or resonance effect in a horn of this width for the particular 
wave-length used. Davis noticed this in his experiments on a horn section ina 
ripple tank. | 

When the axis of a horn is straight, the pattern formed resembles that of the 
channel with inclined sides in that the central and wall striae are present, but 
differs from it in that the longitudinal striae are absent, figure 6. It will be seen 
from the photographs that the wall striae join with the central striae for only 2 
short length of the horn, but that the latter persist for a considerable distance. 
Thus a large horn projecting a short wave-length has directive properties. This 
was pointed out by Rayleigh“® many years ago; he showed that a cone will con- 
centrate a hiss, that is a high-frequency sound, in the direction of its axis for a 
considerable distance if the diameter of its wide end be large in comparison with 
half the wave-length of the sound. 

Since inclined sides project sound but parallel sides do not, a straight horn of 
rectangular section with one pair of opposite sides parallel and the other pair in 
clined will project sound along the axis in a fan-shaped path in a plane at right 
angles to the triangular sides of the horn. This result also is in accordance with 
Rayleigh’s observations”. 
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DISCUSSION 


; 
‘| Lord RAYLEIGH said that it was difficult to understand how a sound like the 
‘ap of a spark could have a definite wave- length. 


[ Dr W. A. LeysHon asked whether the frequency of the waves might be deter- 
ined by a mechanical vibration of some solid part of the apparatus. 


Dr Bruce Cuatmers. The author has not mentioned what seems to me the 
ost interesting aspect of his work, that is, the cause of the phenomena which he 
cribes to interference. The dust figures cannot be due to the accumulation of 
st at either the nodes or the antinodes of stationary-wave systems, since their 
acing depends upon the intensity of the disturbance, and so cannot be equal to 
é half wave-length at every part of the figure. Hence the interference pheno- 
ena are not due to the interference of trains of waves. The formation of the striae 
ems rather to be analogous to the formation of the transverse ridges in a resonating 
undt’s tube, and is clearly due to the interaction between the moving air and the 
tionary surface, perhaps by the formation of vortex filaments between which the 
ust collects. The fact that interference effects are obtained when two such systems 
'¢ superposed might throw some new light on the dynamics of the formation of 
le figures. 


AuTHor’s reply. In reply to Lord Rayleigh: This point was raised in the dis- 
nssion following Marsh and Nottage’s paper“ and it was there suggested that 
e sound consists of a short train of waves, perhaps twenty in number. The 
terference patterns in the present experiments indicate that part of the train is 
- sufficient amplitude to produce striae, or ripples. 
In reply to Dr Leyshon: It is possible that mechanical vibrations are set up in 
1e electrodes, particularly as all the pairs of rods forming the gaps were of the 
ume dimensions. The suggestion will be tested by using rods of different lengths. 
In reply to Dr Chalmers: The explanation given in the paper appears to have 
en misunderstood. The distance between successive ripples is not equal to half 
ie wave-length, for the ripples are produced by sparks from a single gap, from 
hich no stationary-wave system would be expected to arise. They are clearly 
ue to the same effect as those in a Kundt’s tube. The question of interference 
ises when two sparks are passed simultaneously, for the backbone which persists 
hidway between the sparks has a narrow zone on each side in which the dust is 
Bristarbed. The backbones indicate reinforcement and the zones indicate inter- 
trence, the difference between the distances from the sparks to a mid-point in 
ither of the zones being half a wave-length. 


I wish to thank Mr Lucas and Dr Bartlett for drawing my attention to a paper by 
Yr E. H. Cook* which deals with the formation of the concentric rings by sparks 
som a single gap. 

* Proc. phys. Soc. 9, 371 (1888). 
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ABSTRACT. In §1 asimple test, using polarized light, for the best setting of a diffraction 
grating is described. When used under the best conditions for brightness, a grating should 
show little or no polarizing effect. The reason for this depends upon the fact that the 
Huygens- Kirchhoff integrals for the electric and magnetic vectors have different cosine 
factors which have the same value only in the case of ordinary reflection. In §2 an 
extension of the Huygens-Kirchhoff integrals bringing in a second approximation is 
given. This second approximation becomes important if either the radius of curvature is 
comparable to the wave-length of light or the angle of incidence is very nearly go°, as it 
may be in soft X-ray experiments. In § 3 a new curve for the effect of slit-width upon the 
resolving-power of a spectroscope is given and compared with Schuster’s curve also, 
Schuster’s curve is based on the assumption that the slit is filled with incoherent light 
the author’s, with coherent light. These two curves are probably upper and lower limits, 
In § 4 a new method of ruling concave gratings, namely radial ruling, is suggested. In 
this method the diamond is given a uniform chordal displacement, from line to line, as 
in the present method of ruling, but during its displacement from line to line it is con- 
strained to rotate about an axis parallel to the ruled lines and passing through the centre 
of curvature of the face of the grating. For the metal concave grating of more than 
20,000 lines per inch this method of ruling would do what figuring does for an astronomical 
mirror, though not to so high an order of accuracy. 


§1. THE POLARIZING PROPERTY OF DIFFRACTION GRATINGS 


N the study of the radiation reflected from gratings it is usual to use some form 
of Huygens-Kirchhoff surface or line-integral, for instance, in the two-— 
dimensional problem 


| Cee Neon joe cos Rig 
i aiinay cos Rn.ds = SCI 
where « is 27/A, R the distance from the line source and p the distance from the 
field point to the element ds, and Rn is the angle between the line R and the normal 
n at the element ds. The integral is taken over the live parts of the cross section of 
the grating. This, or an equivalent, integral is used in the literature for calculating 
both the electric and magnetic vectors. It seems not to have been noticed that a 
distinction should be made; for the electric vector the cosine factor is cos Ra, | 
while for the magnetic vector it is cos pn. 

These quantities are the same only for ordinary reflection (Ry = pn). The ex- 
planation of the polarizing properties of a grating lies here. Rowland has stated that 
metal gratings of 20,000 or more lines per inch consist wholly of grooves with no 


fee (R+p) ds, 
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jits between them. Such gratings would show little or no polarizing effect if they 
‘perated under the best conditions for brightness, so that the sides of the active 
\yoove reflected as ordinary mirrors, and Rig = pnp. This provides a simple test of 
yne best setting of a grating, for it is very easy to examine the light for polarization. 


4} §2. AN EXTENSION OF THE HUYGENS-KIRCHHOFF INTEGRAL 


| These integrals are first approximations, more or less close, to the exact values. 
qpssain experimental evidence exists suggesting that these integrals may be seriously 
)jrong if very small glancing angles of incidence or reflection are in question, such, 
/>r instance, as may arise if a grating is used at very sharp grazing angles. These are 
she conditions which hold when glass gratings are used for determining the wave- 
ngths of soft X rays. The results differ by a small but unwelcome amount from 
easurements made with crystals. 

A second approximation to the exact solution in terms of integrals of the above 
e has been calculated by the writer. It turns out that it is obtained by merely 
/atroducing a factor into the integrand. 

i This factor is 


"—N 
. sec? Rn 
he 


) for the electric vector, 
2ur 


3 m™ 
meSEC. KH . 
(x +i) for the magnetic vector, 


ith the change in the cosine factor to cos on instead of cos Rn already mentioned. 
“he symbol r represents the radius of curvature of the contour at the element ds. 
his factor shows at once the order of the error that may be expected. It may be 
nportant if either the radius of curvature is comparable to the wave-length or the 
Jngle of incidence is very nearly go’, as it is in the soft X-ray experiments mentioned. 
ln these circumstances, the situation is only saved if A/r is a sufficiently small 
umber, and it must be very small indeed as Rn approaches go°. If, for instance, a 
|ghtly ruled glass concave grating is used, reflecting only from the untouched 
jolished glass between the rulings, 7 is finite, and the error will become important 
| Rn is oo near to go°. If plane gratings are used, the limit is likely to be 
huch closer to go° since the radius of curvature of the facets is probably much 
lreater. Distortion due to ruling may prevent the facets from being quite flat, 
that 7 is not infinite. The correction may thus be important in experiments on 
ft X rays with ruled plane or concave gratings, especially if a high accuracy is 
aimed for the results. 


§3. THE EFFECT OF SLIT-WIDTH UPON RESOLUTION 


| It has long been recognized that the theoretical resolution of a grating for 


mee omic radiation, namely 
| N/SA= 

yhere r is the order of the spectrum and M/ is the number of times, applies only for 
n infinitely narrow slit. 


yr % 
u, o, A 
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Actually, for finite slits 
A/sA=71M xy, 


where y=F(x) and x=2u0/A, 


2u being the angular aperture of the apparatus, o the slit-width and 2 the wave- 
length. 

Wadsworth published values of y, the “‘purity factor”, in 1897. The papers 
revealed an alleged optimum slit-width at x=0-2, where y=1-09. Some years 
later Schuster® published another table of values of y. His table showed no 
optimum slit-width. The paper led to a good deal of discussion at the time.* 

Both Wadsworth’s and Schuster’s calculations were based on the assumption 
that the slit is filled with a set of completely incoherent Huygens sources of 
uniform strength. The differences in their tables were due to the differences in the 
methods of mathematical approximation, and a recalculation by the writer has 
confirmed Schuster’s figures. But there is an alternative limiting assumption 
the slit may be filled with a series of completely coherent Huygens sources of 
uniform strength. Since the disturbance at any point P in the slit, due to any 
single external point source of radiation, is a continuous function, as to both 
amplitude and phase, of the position of the point P in the slit, it follows that the 
same is true for the resultant disturbance due to any number of external point 
sources acting simultaneously, whether these sources be atomic radiators or sources 
of any other type. Consequently the phase-changes across the slit must be free from 
the haphazard discontinuities contemplated in the idea of complete incoherence. ’ 
Some degree of coherence there must be; the question is, how much? The answe 
to this question depends upon the distances of the sources from the slit, the size 
of the slit, and the wave-length. With narrow slits, comparable in width to the 
wave-length, complete coherence may be closer to the truth than complete in- 
coherence, while for wide slits the opposite may be true. The question arises—are 
the values of y appreciably different for the two alternative assumptions? The 
writer has made the necessary calculations and finds that with complete coherence ~ 
in the slit the resolution is improved for narrow slits, the underlying reason being 
that the wave-fragment passing through the slit is fringed appreciably with ripples _ 
of phase and amplitude. These ripples sharpen the image of the slit and enable 
two images closer together to be resolved by the Rayleigh rule. These effects dis- 
appear as the slit-width increases. 

It is just in the case of narrow slits that complete coherence of the light is con- 
ceivable for the reasons already given. Probably the truth lies somewhere between 
these limiting cases—it is a matter for experiment to decide, but suitable experi- 
ments have not, apparently, been described. The curves give the results and show 
that considerable differences in the value of yy occur when 1 <2uo/A <3. In the © 
illustration the word “availability” is used instead of “purity”, for this factor 
shows how much of the theoretical resolution 7M is available at any particular 
value of 2u0/A. 


* See, for instance, reference (3). 
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§4. RADIAL RULING FOR CONCAVE GRATINGS 


In the ordinary method of ruling a concave spherical grating, the diamond is 
ven a uniform chordal displacement from line to line as a rigid body. No rotation 
»| the diamond takes place, theoretically at all events. 

Suppose, for the moment, that the lines are short enough in comparison with 
£ iK radius of curvature of the face of the grating, to allow us to consider the surface 


Availability, y > 


8 10 12 14 
x” (=2u0/r) > 


Effect of slit-width on resolution. 


‘€ grooves increases from one side of the grating to the other, for a uniform depth 
line. Now for optimum brightness, the normal to each active side of a Bree 


te slit and the spectral image. The side of the groove will then ners as an 
dinary mirror and the total effect at the image will be the cumulative effect of all 
je active sides of the grooves. 

The directions of the normal should, then, change in crossing the grating. 
tually, as the grating is ruled, they do not and there is an error in respect of the 
est direction of the normals. This error is expressible as a power series in 0, the 
plar angular coordinate of the side of the groove, and the series begins with a first- 
ider term in 6. The first-order term would be completely eliminated if the diamond, 
aring its displacement from line to line, were constrained to rotate about an axis 


rallel to the ruled lines and passing through the centre of curvature of the face 


, 
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of the grating; instead of without rotation, as in the usual method of ruling. The 
truth of this is immediately obvious in the case of a Littrow mounting. Uniform 
chordal displacement from line to line would, of course, be preserved. 
All that is necessary, mechanically, for ruling in this way is to provide a curved 
guide-way for the diamond-holder instead of the usual straight guide-way. The 
curvature of the guide-way is the same as the curvature of the face of the grating. 
If the grating is ruled in this way, the active sides of the grooves have their 
normals correctly directed up to errors of the second order, and the lengths of the 
active sides of the grooves are much more nearly uniform. 
If the lines ruled are relatively long, the sphericity of the surface ruled upon 
will introduce appreciable error in the directions of the normals to the oute 
groove elements. What has been said above will apply only to the central parts of 
the sides of the grooves in such cases. Nevertheless, the errors in the outer elements 
will be considerably less, with this method of radial ruling, than they are with the 
usual method of ruling. 
For the metal concave gratings of more than 20,000 lines per inch, the proposed 
method of ruling would do what figuring does for an astronomical mirror, though 
not to so high an order of accuracy. 
Preliminary mechanical details of apparatus for carrying out this method of 
radial ruling have been worked out and the apparatus seems to present no mechanical 
difficulties greater than those inherent in all ruling-machines. In due course the 
writer hopes to publish fuller details of all these points. 
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BSTRACT. Part I: With a view to determining the heat of formation of nitrous oxide 
means of a direct decomposition into its elements, the conditions of initiation and of 
fressure under which this action will propagate itself progressively and explosively 
‘hrough the gas has been examined. Part II: The heat of formation of nitrous oxide has 
een directly measured, use being made of this explosive thermal decomposition. The 
‘gure obtained is 19°52 + 0-1 Cal./mol. at constant pressure. Part III: A simple method 
1} given for comparing the values for two gases of the product pressure x volume, and is 
i/pplied to the measurement of this product.at pressures between 10 and 45 atmospheres 
wh the cases of nitrous oxide and of carbon dioxide. 


PART I: THE DECOMPOSITION OF NITROUS OXIDE 
By H. R. AMBLER anp T. CARLTON-SUTTON 


a burning body will decompose it progressively if the combustion is sufficiently 
hot. Berthelot’ effected the decomposition of nitrous oxide by compressing it 
fery suddenly to 1 /500 of its original volume. A less drastically applied compression, 
however, had little effect, although it was sufficient to initiate the explosion of a 
nixture of hydrogen and oxygen™. Maquenne™ stated that when o-1 g. of mercury 
julminate was detonated in one atmosphere of nitrous oxide, the gas was decom- 
posed with sufficient violence to shatter the vessel in which it was contained. 
Jouseman™) stated that “‘when under pressure (e.g. in the saturated state) de- 
somposition may be propagated throughout the entire mass of N,O with explosive 
violence; if the compressed gas has a temperature above the critical value (38-8° C.) 
his method of ignition”’, i.e. ignition by means of heated iron or platinum wire, 
“seldom fails to cause explosion”’; exact figures and experimental details were 
acking however. 

Our experience with this gas was not in accord however with the above state- 
nents, and a further investigation was undertaken. ‘This has shown that decom- 
s0sition is not propagated at pressures below 13 atmospheres but can be propagated 
it pressures above 13 atmospheres. 

When small quantities of lead azide were detonated in atmospheres of nitrous 
yxide at various pressures, it was found that the proportion of nitrous oxide de- 


[: has long been known that nitrous oxide can be decomposed by heat, and that 
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composed increased rapidly with increase of the initial pressure, and that at 
higher pressures the explosion was complete and was an intrinsic property of the 
nitrous oxide itself. For example, while decomposition does not occur at atmo- 
spheric pressure, 10 per cent of the nitrous oxide is decomposed at a pressure of 
10 atmospheres and more than gg per cent is decomposed at pressures above 
35 atmospheres. 

A simpler method of initiation was found in the fusing of an electrically heated 
platinum wire. The initiation was not due entirely to the energy supplied to the wire 
and the temperature attained by it, since the fusion of a wire in a low-voltage, low 
resistance circuit of low inductance was not sufficient to cause explosion. Explosion 
was obtained, however, when the production of a spark on the fusing of the wire 
was ensured by either (i) the introduction of additional inductance and capacity, or 
(ii) an increase of the voltage above 20. The initial temperature was approximately 
20° C, throughout. 

As will be seen from table 1, the pressure which determines whether explosion 
is propagated lies between 12 and 15 atmospheres. 


Table 1 


bee Nitrous oxide decomposed 
Initial pressure Number (per cent) 
of nitrous oxide On P 
(atmos.) determinations | Extreme values | Mean values 
5 | 
5 
4 | <—<aE 
10 
II 3 ey) | 4 
12 3 9-35 23 
13 4 075-85 41 
14 3 66-89 
15 I 88 
30 2 91-95 93 
37 I gi 
42 6 91-93 92 
| I #93 


PART II: MEASUREMENT OF THE HEAT OF FORMATION 
OF NITROUS OXIDE BY DIRECT DECOMPOSITION 


By T. CARLTON-SUTTON, H. R. AMBLER anp G. WYN WILLIAMS 


§1. HISTORICAL |: 


The measurement of the heat of formation of nitrous oxide has become im- 
portant in recent years on account of its being a datum in the determination of the 
specific heats of gases at high temperatures. Hitherto the heat of formation has been 
deduced from measurement of the heat produced when nitrous oxide reacts with 
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IgI 
i! drogen or with carbon monoxide. Whichever of these reactions is used, some 
»P per cent of the heat measured comes from the oxidation of the combustible gas, 
“ne heat of formation of the nitrous oxide contributing the remaining 20 per cent; 
)/hy error in the thermal measurement will therefore be magnified by about five. 
Figures which have been obtained for the heat of formation of nitrous oxide by 
“hese combustion methods are given in table 2. The present writers have also used 
shese methods, employing pressures of about 50 atmospheres; the figures which 
jave been obtained and the causes which have made the procedure unsatisfactory 


~~ 


: these pressures are discussed in § 4. 


Table 2. 


Determination of heat of formation of 


nitrous oxide by combustion methods 


a ; Deduced heat 

eat of reaction | of formation of 

|, Observer Method (Cal./mol.),, nitrous oxide 

(Cal./mol.)¢» 

5} Berthelot) Combustion with CO at constant 88-2 —20°6 
volume 

1) Thomsen ©) Combustion with H, at constant 86-3 — 18-01 
pressure 

') Thomsen Combustion with CO at constant 851 —17°47 

pressure 

A = and Combustion with CO at constant 87°1 —19°5 

)) Griffiths 7) pressure 

Fenning and Combustion with CO at constant 87-4. — 19°75 

. Cotton volume; pressure about 5 atm. 

{| Fenning and Combustion with H, at constant 88-0 — 19°74 

pen volume; pressure about 5 atm. 


| During these investigations, however, it was found that nitrous oxide at a 
/ressure of from 40 to 50 atmospheres can be made to decompose as a mild ex- 
losive when initiated by about 0:5 g. of lead azide; on exploring further, it was 
jound that the decomposition can also be produced by fusing a wire in the com- 
}ressed gas, provided the applied voltage is sufficient to give an arc as the circuit 
breaks. The latter method has now been applied and will be detailed here. 


§2. EXPERIMENTAL 


Method. Nitrous oxide at a pressure of approximately 42 atmospheres was 
xploded i in a calorimetric closed vessel of stainless steel. The heat produced was 
measured according to a procedure developed in connexion with the calorimetry 
if propellants and with which measurements are habitually made to one eee in a 
i Two mercury-in-glass thermometers“, calibrated to o-o01° C. and 
ertified to 0-002° C.*, were used. 


i 
| * N.P.L. Ref., Th. 13319. 
: 
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The closed vessel contained initially nitrous oxide, which was found on analysis 
to be substantially pure, and finally a mixture which was found to correspond to a 
decomposition of go-95 per cent of the original nitrous oxide. The measurement of 
the heat of formation depended therefore on the precise determination of the 
quantity and composition of these final products. To determine the mass of nitrous 
oxide decomposed, three possible methods were available: (i) weighing the nitrous 
oxide originally taken and determining the amount of nitrous oxide which remained 
undecomposed; (ii) determining the total free nitrogen produced; and (iii) deter- 
mining the total free oxygen produced. 


is 
Gaon 
Asbest aN 
ete aN | 


Lead washer 24” diameter. 
bored 2” x 3” thick. 
Push fit into slot 


Mica washers 


Method (i) is limited by the necessarily large mass of the containing vessel, which 
necessitates the use of a balance capable of taking a load of 10 kg.* It involves also 
a difficult and somewhat unsatisfactory determination of nitrous oxide in the final 
gases. As nitrogen is habitually determined by difference, method (ii) also involves 
this unsatisfactory determination of nitrous oxide in the final gases. Method (iii) is 
free from these objections, in that the oxygen may be determined directly. The 
presence of nitrous oxide, however, seriously affects the accuracy of the standard 
methods of accurate measurement of oxygen-content hitherto employed. This — 
problem has been investigated at some length therefore in this laboratory, and 
methods have now been evolved for measuring the oxygen-content of the ined and 
of final gases to within o-1 per cent. | 


r ; ; 
The mass of nitrous oxide was approximately 15 gm. See table 6. 
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|| ‘The heat of formation has been calculated by each of the three methods. The 
»/pst accurate figure, that given by method (iii), table 6, has been confirmed, table as 
| methods (i) and (ii) within the accuracy obtainable by these latter methods. 

| Closed vessel. The closed vessel, illustrated in the diagram, was made of Stay- 
’/#te steel and had a capacity of 128 cm? The main seal 12 was made by means of a 
| fel knife-~edge and lead washer. The lead was protected from the action of the hot 
es by the presence of two narrow annular passages, o-o15 in. and 0-005 in. wide 
pectively, through which the hot gases had to pass before reaching the lead; by 


id, for the lead to be unattacked. Inspection of the seal after each experiment 
bowed that no oxidation of lead had occurred. | 

| Water equivalent of calorimetric apparatus. The closed vessel was one of a 
imber used in the calorimetric examination of propellants. When the water 
juivalent of these was being measured, the possibility of erroneous effects due to 
actions between the gases and the steel surfaces was considered, and a diversity 
methods were employed for the determination of the water equivalent under 
itied conditions. These determinations are summarized in table 3, and the effect 
| the reactions is seen to be inconsiderable. 


Table 3. Determination of water equivalent 


Water* Number | Mean | 
Method equivalent of difference 
(g.) determinations | from mean 
Firing 1 g. benzoic and salicylic acids in 3769 10 5 
1oo atm. of oxygen 
Exploding gaseous mixtures containing 3771 4 4 


B22 atm. CO} 11 atm: N, and 67 atm. O; 
and determining the CO, produced 


Comparing with standard vessel} by firing 3774 4 6 
charges of cordite in an inert atmosphere 


Accepted figure 3771 


* Adjusted to water equivalent = 3 g. 


Nitrous oxide. Nitrous oxide of very high purity can now be obtained com- 
\\ercially; the gas used for these measurements was stated by the makers, Messrs 
loxeter, London, to be 99-995 per cent pure. A sample for analysis was taken from 
te closed vessel before firing, and tested for oxygen by a sensitive colorimetric 
llethod described elsewhere”. In no case was a figure greater than 0-05 per cent 
the nitrous oxide obtained. This procedure served the dual purpose of checking 
}e composition of the nitrous oxide and of showing whether any air had become 
bixed with it during the process of filling. 
| Filling of closed vessel. At the beginning of an experiment, the closed vessel, 
bntaining 1 cm? of water{ and one atmosphere of air, was weighed. It was then 
i + The water equivalent of this vessel had been determined both electrically and by the com- 


stion of carbon monoxide ‘9 
i t In order to absorb the paral quantities of higher oxides of nitrogen in the products. 
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evacuated and filled two or three times with nitrous oxide to about 10 atmospheres 
and the gas released. It was finally filled to about 45 atmospheres. 

Method of initiation. Decomposition was initiated by fusing at 50 volts a 
platinum wire 3 cm. long and 0-012 cm. in diameter. The voltage could be lowered, 
however, if the production of an arc on fusing was assured by a strongly inductiy 
circuit. The wire was attached by small grooves to two rods of Staybrite steel fixed 
to the head of the closed vessel. To fire the charge, the circuit was completed and 
the switch was kept in until, as was shown by an ammeter, the wire fused. 

In blank experiments in which the nitrous oxide was replaced by nitrogen or 
oxygen, the heating effect (4 cal.) was insufficient to be clearly measurable even 
when it had been magnified by replacing the wire by two similar wires connected in 
parallel. When a system of smaller thermal capacity was used in the same way, 
however, rises of 0-004° C. and 0-003° C. were observed, the firing-currents being 
8 A. and 6 A. respectively. These rises corresponded to 8 cal. and 6 cal., Le. to 
approximately one calorie per ampere. Since this quantity is a small proportion o} 
the total heat, a correction at this rate has been considered adequate. 

Measurement of total gas. After each calorimetric measurement, the volume oi 
the final gases was measured by connecting the closed vessel with an evacuated 
bottle and reading the rise in pressure. The bottle was one of a series of measured 
volume which are used regularly” for measuring the volumes produced on burning 
propellants of various compositions. The volumes of the constituent gases were 
obtained by analysing samples taken separately from the bottle and from the closed 
vessel*. 

Analysis of final products. Gases. Samples from the bottle and from the closed” 
vessel were transferred to a gas-analysis apparatus already described“. In the later 
experiments, (4) to (7), i.e. those from which the accepted result is derived, the 
oxygen-content was determined in two stages. First about 99-5 per cent of the oxygen 
was removed by absorption with solid phosphorus confined over mercury”, and 
next the remainder was determined colorimetrically by means of pyrogallol“”. The 
accuracy of these methods has already been discussed""’. The measurements were 
made in duplicate or triplicate; the error in the figures given in table 6 for the 
oxygen-content does not exceed o-1 per cent, and it is considered probable that it~ 
may be much smaller than this. In the earlier experiments (1), (2) and (3), the 
nitrous oxide and oxygen were determined by reduction with excess of carbon 
monoxide“) combined with a density-measurement. 

On account of the highly oxidizing nature of the products of explosion, the for- 
mation of hydrogen or ammonia from water is precluded. For the same reason 
nitric oxide is absent. A small proportion of nitrogen dioxide (‘< peroxide”) remains 
unabsorbed by the water in the closed vessel, and thus occurs in the gases in the 
bottle. It was determined by bubbling an aliquot part of the gas from the bottle, 


* The proportion of nitrous oxide remaining in the closed vessel was higher than that in the 
bottle, because the decomposition did not propagate past the narrow annulus at the bottom of the 
head, and also because on the release of the pressure some nitrous oxide which had been dissolved 
in the 1 ml. of water in the vessel was released. 

t+ This was done immediately after the gas-measurement. 
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| about 2 litres, through weak hydrogen peroxide acidified with sulphuric acid, 
l determining the nitric acid so formed by the phenoldisulphonic acid method”. 
We nitrogen dioxide did not exceed 0-3 per cent on the permanent gas. 
| In view of the lack of any reliable direct chemical method for the determination 
nitrous oxide, a physical method is preferred for the determination of this gas. 
te large proportional difference between the density of nitrous oxide and that of 
togen or of oxygen makes the measurement of density a suitable method. The 
ksities were measured by the method of direct weighing” of the gas, with water 
our and nitrogen dioxide removed, in a glass bulb of approximately 600 cm? 
‘pacity, a similar bulb containing dry air being used as a counterpoise. The 
Ht sities were accurate to + 0-002 g. per litre, corresponding to 0-3 per cent of 
‘ous oxide in the gas. 
Non-gaseous residues in the closed vessel. The closed vessel originally contained 
it. of distilled water which absorbed the bulk of the higher oxides of nitrogen. 
ne Closed vessel was washed out with distilled water, and an aliquot portion of the 
phings examined for nitric acid by the Devarda method. In some cases, check 
were made by the phenoldisulphonic acid method. Nitrous acid was shown by 
ess tests never to exceed 1-5 mg. 
| Phe closed vessel was then opened and washed out with water, and the nitric 
t1 in the washings was determined. Further portions of the washings were tested 
iron and for nickel, in order to check whether the walls of the vessel had been 
#cked by the nitric acid. The iron did not exceed 1 mg. in any case. Nickel was 
detected; 0-03 mg. would have been detected. 
Checks on analysis. It was considered desirable at this stage to estimate in the 
products the ratio of the total nitrogen to the total oxygen. Since the vessel 
finally contained pure nitrous oxide, any deviation from 2 of this value is a 
sure of the limit of reliability of the analytical procedure and the extent to 
| h minor reactions, for instance with the walls of the vessel, may occur. 
IAs is shown in table 4, no consistent deviation has occurred, and the magnitude 


ithe deviaticns observed is within the estimated limits of measurement. 


Table 4. Balance of elements 


Quantities of substances present in closed vessel after 
firing (cm? at n.t.p., molecular volumes being taken as 


: : Ratio of 

22-40 litres) ieeoseat 40 | 

l eas |, ae _ |TotalN|TotalO| o*¥gen | 

| 02 | N2O | NaOs | NOs | (as Na) | (as On) | | 

6089 | 2958 | 574 | 391 | 18 | 6711 | 3361 1-997. | 
6695 | 3228 | 533 | 480 19 | 7285 3634 2004 

qooo | 3417 | 521 | 308 | 4 | 7662 | 3781 27026 | 

7108 | 3459 | 560 | 307 | 14 | 7734 | 3852 2:003—| 

7035 3424 | 590 | 263 | 12 | 7657 | 3797 2016 | 
6812 3341 633 26-3 | 22 | 7482 | 3746 1-997 
6659 | 3273 | 477 | 280 4 | 7166 | 3586 1-998 
| ) 2-006 


13-2 
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Table 5. Effect of formation of nitric acid and nitrogen 
peroxide on heat and oxygen 


Heat pro- Oxygen ab- 
ee duced (cal.) | sorbed per mg. | 
Substance Reaction per mg. of of substance | 
; , substance (cm at n.t.p.) 
HNO, 2N,+50,+2H,0 = 4HNO,Aq. + 59°6 Cal. 0'236 
NO, N,+20,=2NO,—3°4 Cal. —0'037 


Table 6. Heat of formation of nitrous oxide 


Number of experiment bee (1) (2) (3) (4) (5) 


Estimation of reactant nitrous oxide by 
measurement of resultant oxygen 


Initial : 

Mass of nitrous oxide (g.) 12°96 1425 TSats 14°85 Tie 
% oxygen — —= —_— <o'ol 0°03 
Whence, free oxygen initially pre- — —_— — << 2 

sent (cm? at n.t.p.) 
Final: 
Volume of gas measuring bottle (cm?) 8890 8890 8890 8890 
Volume of closed vessel (cm?) 128 128 128 128 
Pressure of gas in bottle and closed | 87-26 94°78 |100°22 |101°36 |100°84 
vessel (cm. of mercury at 20° C.) 
Temperature (° C.) 19°6 19°4 20°0 21'0 21°6 
Whence, gas in bottle (cm? at n.t.p.) 9488 10310 10883 10970 10894 
gas in closed vessel (cm? 134 146 154 156 
at n.t.p. excluding water 
vapour) 
Percentage composition of NO ce: oi Ss ees ee 
gas from bottle 
N, 63°4 64°1 64°4 63°9 63°7 
Percentage composition a ae aoe a : ane ae See 
A ; 
gas from closed vessel N, 55°0 e076 58-8 6257 64 


Whence free oxygen in bottle and 2958 3228 3417 3459 
closed vessel (cm? at n.t.p.) 


Nitric acid in products (g.) 0°220 0°270 0224 0°220 0148 
Nitrogen dioxide in products (g.) 0°037 0°039 0°009 0°028 0024 
Whence, Oxygen produced by decom- 3075 3368 3522 3572 
position of nitrous oxide 
_ (cm at n.t.p.) 
and, Nitrous oxide decomposed (mol.) 0°2746| 0°300,| 0°3145| 0°318)] 0°3129 
Measurement of energy 
‘Temperature rise (° C.) 1°465; |  1°595 1679 1°707 
L é 5 
Water equivalent (g.) 3767 3771 3771 Kwan! 
Whence, total measured heat 5520 6015 6332 6439 
(cal. = 4°186 joules) 
Correction for ignition current (cal.) 12 3 2 9 
Correction for nitric acid (cal.) 52 64. 53 52 
Leorrection for nitrogen dioxide (cal.) —I —I ° —1 
ence, energy evolved by decom- 5457 b - oe 6 
position of nitrous oxide (cal.) war u Ae 
Hence, Heat of formation of nitrous | — 10-8 —19° —19° —20: : 
oxide at constant volume (cal./mol.) ais Bt pee Sra tls Satan 
Mean (from experiments 1 to 7) — 19°95 cal./mol. 


(from experiments 4 to 7) —20'0, cal./mol. 
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§3. RESULTS 


‘|| The thermochemistry of the reaction is primarily that of the decomposition of 
u 

2N,0 SS 2N, + O, ° 
It has been found that side reactions are few. These are limited to the formation 
higher oxides of nitrogen and their absorption by water; the corrections applied 


the energy and volume changes produced by them have been made in accordance 
fth the constants given in table 5. 


r the direct and accurate method developed for the purpose, and because the 
(neral technique had become more familiar; the value — 20-0, cal./mol. at constant 
ipblume has therefore been derived from these four experiments*. 


Table 7. Heat of formation, reactant mass of nitrous oxide 


being estimated by alternative (less accurate) methods 
| Heat of formation (cal./mol.) at constant | 
Number ae volume. Mass N.O estimated from 
experiment Weight and residual ; 
N,O N, in products 
(1) — 20°29 — 19°91 
(2) —19°8; ee lOw/a 
(3) — 19°6, — 19°70 
(4) — 20°3; — 19°97 
(5) —19°7) —19°8, 
(6) eee 19°8, — 20'Og 
(7) — 19°83 — 19°95 
Mean — 19°93 —19°8, 
Mean of (4) to (7) — 19°95 — 19°97 


The decomposition of nitrous oxide is accompanied by an increase in volume 
cording to the relation 2N,O > 2N,+0O,. The value of the product pressure x 
lume for nitrous oxide at 42 atmospheres has been found to be 0-67 times that 
wr a perfect gas, as described in part 11 of this paper. For nitrogen and oxygen, 
e deviation from the value for a perfect gas is not sufficient to affect the final result 
ty one unit in the dropped figure, and is consequently neglected here. ‘The difference 
Jetween the heats of formation at constant volume and approximately 42 atmo- 
ipheres and at constant pressure is found from this data to be 0-48 cal./mol. 


The heat of formation at constant pressure is thus — 19:5, cal./mol. 


| : 


* When the accuracy of these measurements was estimated the determination of oxygen was 
bnsidered an important limit, and it was not relied upon to closer than o-1 per cent of the total gas, 
orresponding to 0:06 cal./mol. in the heat of formation. It is not clear how far the higher accuracy 
tained in experiments (4) to (7) is fortuitous, and how far it may be taken as evidence of the higher 
curacy of the oxygen determination. 


198 T. Carlton-Sutton, H. R. Ambler and G. Wyn Williams 


§ 4. DETERMINATION OF HEAT OF FORMATION BY COMBUSTION - 
METHODS AT PRESSURES OF ABOUT 50 ATMOSPHERES 


In the course of these investigations, the combustion in nitrous oxide of 
hydrogen and carbon monoxide were examined at pressures of about 50 atm., and 
one of us published an early value“ obtained for the energy of the former reaction, 
Values for the heat of formation of nitrous oxide deduced from these two reactions 
were found however to differ by as much as 1 cal./mol., corresponding to 1 per cent 
on the measured heats. 

A further investigation which was thereupon put in hand showed that thermo- 
chemical measurements involving the use of hydrogen in steel vessels at pressures of 
this order, while likely to give consistent results in any single series of measure- 
ments, may be misleading on account of absorption *? (or in some cases emission) 
of hydrogen at the walls of the vessel. The behaviour of mild gaseous explosions of 
this kind is thus similar to what occurs when high explosives are detonated in closed 
vessels “‘®); in the case of the former, however, no effects which exceed 1 per cent of 
the measured value have been detected. In the estimation of the heat of formation 
of nitrous oxide in this way, 1 per cent on the measured heat of reaction corresponds 
with 44 per cent on the heat of formation, and the method becomes an unsatis- 
factory one. 

The mean figure obtained by using carbon monoxide (table 8) was substantially 
in agreement with the best results obtained by other methods; the variation between 
individual determinations was, however, considered unsatisfactory. 


Table 8. Heat of formation of nitrous oxide by explosion with carbon monoxide in 
calorimetric closed vessel. Approximate composition: N,O, 14 atm.; CO, 
24 atm.; N,, 12 atm. 


Measured heat of re- 87-2, 86-05 86°8, 87-25 87°24 87°4, 
action : 


N,O + CO =N.+ CO, 


Heat of formation of | —19°6) —19'39 —19°2, —19°6, —1I19° —19°8, —19 mm 
Not Galsmuol) oat one 0 4 9°96 9°59 9°56 Orln 
constant pressure Mean — 19:4, 


When nitrous oxide is not present, for instance if oxygen is exploded with excess 
carbon monoxide, a high order of consistency is obtained, and it would seem that 
the variability is attributable to some action of the former gas. Nitrous oxide was thus - 
found unsuitable as a substitute for oxygen for thermochemical and calorimetric 
measurements of the kind for which its use had been proposed. 


Thermochemical properties of nitrous oxide 199 


PART III: THE DEVIATION OF NITROUS OXIDE FROM 
THE SIMPLE GAS LAWS 


By T. CARLTON-SUTTON anp G. WYN WILLIAMS 


The value of the product pressure x volume has been measured for nitrous 
€ at pressures of 1 atmosphere and less by Rayleigh“ and by Batuecas®®. 
ues of this product at pressures between 40 and 50 atmospheres were required 
fconnexion with the measurement of the heat of formation of this gas. The 
fthod devised for this purpose measures the value of this product in terms of that 
a standard gas, and has the advantages that the measurements involved are simple 
H the apparatus required is such as may be found in any laboratory. 

|| To obtain a check on the general accuracy of this method, the values for carbon 
pxide were measured in terms of those for nitrogen and compared with the 
ssical values of Amagat®”), table 9. In view of the agreement thus obtained the 
fthod was considered suitable, and the measurements were extended to pressures 
jwer than those employed by Amagat. . 

| Measurements were also made to obtain data for nitrous oxide in terms of those 
jt nitrogen, and from these the deviation of the former gas from the simple gas 
hs has been deduced. 

| For any mixture of dry gases, and subject to the restriction that the constituents 
just act independently in accordance with their partial pressures, the relation 
een pressure, volume, temperature and mass is given by 


vere m is the mass, M the molecular mass and p the partial pressure of each con- 
tuent, v is the total volume, JT the absolute temperature, R the gas constant, and 
he deviation of each gas from Boyle’s law expressed as the ratio of the products 
|| for the perfect and for the actual gas. 

A strong closed vessel of volume v, containing a dry gas X at high pressure 
|, and a large vessel of volume v, containing dry air A at a low pressure py are con- 
eted and the pressure changes to p, when the contents have mixed isothermally. 
je total mass remains unchanged and the pressure-volume relations may be obtained 
ly equating the two expressions for this quantity, Xm/M, which can be derived from 
te initial and final conditions. 

|| Initially the mass, &m/M moles, is 


\ 


I 
RT {x0 P10, + 1% Po(So + V2)}, 


there the generalized xa), signifies the deviation of gas X at pressure (Pi—Pm) 
ind g,, signifies the volume of the gauge and connexions at pressure ,. 
Finally, when the gases have mixed, the total pressure p, is composed of a partial 


lressure p, of air and a partial pressure (p,—ps) of the gas X, where 
A%sps|a%oPo= (Sot V2) /(Sa+ U1 + V2). 


Uy 
Pr, V2, Po 
P2 


Xm 


§n 


Ps 
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The mass Um/M moles is then 
BT {x05 (P2—Ps) + 4%sP3} (V1 + V2+8o)s 
which RT x0 (p.— — Po) (Vp + V2 +82) + Po + Po (S2— Lo) 
+ Po (v2 +o) € = 40) + 14% Po (+0). 


Equating these two expressions for Xm/M we find that 
Mt = ae 


py cea, oe ats 4°...) 


Ads 


» 1 = (Papo) — 


Ina =i case when p,=1 4 2 atin. Po = 1 as atm.,-0, = ee cm?, v= 16 litres, 
and (g,—g)) =1 cm®, the second term on the right is less than o-or per cent of the 
first term and the remaining terms are still smaller. For such cases, therefore, all 
terms but the first may be neglected. : 

If there is no diffusion of air from the large vessel to the strong closed vessel, 
the final value of &m/M may be written 


oF {x29 (P2— Po) M+ x% Po + x02 (P2—Po) (82+ V2) + 4% Po (2+ Ve)} 


and equation (1) becomes 


a x%& + py 2% AX 


XA%9 Uy A%a9 om 


Prag (Pe — Po) + Po 


For this expression, also, all terms a the first may be neglected. In practice, 
X%p and x% 3 are to a high order of accuracy equal, and the two expressions conse- | 
quently become the same. The final values obtained by this method, therefore, are 
not affected by the amount of diffusion that takes place. 

The simple relation obtained by neglecting the small terms in equation (1) 
involves two pressures p, and fy which can be measured on an open mercury mano- 
meter, and one pressure p, which is too great to be measured conveniently in this 
way. ’o compare the values of x«,/ x0, with the corresponding values for a standard — 
gas, however, no measurement of this pressure p, is required, since if the pressure 
can be reproduced (without measurement) in two experiments, the relation becomes 


x%y [= _P2a-Po UATMRtTSs (2) 
X0g3/ x%g Po’ — Py Vy + +Ky’ ee 
where the dashes denote that the SIEM refer to the standard gas. 

The differences between g, and g,’ have not exceeded v, x 10-4, and the second 
factor on the right-hand side has consequently been taken as unity. 

With considerable accuracy, therefore, x0,/x03, the ratio of the deviations at 
pressures p; and (p,—ps) respectively, is directly proportional to the measured rise 
in pressure in the small vessel. When, as in the present cases, the deviation Ong at 


low pressure is known, the deviation ya, at any pressure p, can be measured in this 
way. | 
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It is to be noted that equation (2) does not involve p,, the initial pressure in the 
large vessel. In practice, this pressure has been adjusted so as to be the same for 
the gas under test as for the standard gas; it has not been necessary to measure it 
directly since the condensation of the standard gas at pressure p, is given by the 
expression x43 ( Ps’ — ps’) V/V, and from the known properties of this gas the corre- 
sponding value of p, can be obtained. 

To meet these requirements the following apparatus has been used: A strong 
closed vessel v, of capacity 128 cc., designed for use in the calorimetry of pro- 
pellants; a large bottle v, of capacity 16 litres, which had been carefully calibrated 
for measurement of the volumes of the gaseous products of explosives; a mercury 
manometer for the measurement of the pressures, py) and p,, less than one atmo- 
sphere; and an aneroid gauge which, while not measuring the pressure, enabled the 
vessel v, to be filled to the same initial pressure in each of a series of experiments, 

A complete series consisted of five experiments in which (i) nitrogen, (ii) carbon 
dioxide, (iii) nitrous oxide, (iv) carbon dioxide and (v) nitrogen were used suc- 
cessively. Agreement between the first and fifth and the second and fourth experi- 
ments has been taken as a sign that the indications of the gauge were satisfactory 
throughout the series. The results are given in table g. 
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DEMONSTRATION 


621.318" 5 


A RELAY FOR OPERATING TWO CIRCUITS ALTERNATELY WITH DELAYED ACTION 
D. S. Perrect, M.A., D.Phil., National Physical Laboratory 


Demonstration given on February 15, 1935 


Tuts relay was designed to perform in a regular cycle the tilting of a mirror 
ickwards and forwards in order to throw radiation on and off a thermopile. The 
jtion is delayed for a definite interval of time after the giving of a warning signal, 
|| enable the observer to take the indication of the thermopile at a particular 
joment before the change-over occurs. Certain features of the design may have 
kvider interest, since there are several applications in which an alternately acting 
jrangement is useful with or without delayed action, and this particular instru- 
nt has the merit of cheap and simple construction, so that almost anyone could 
ke it for himself. 

The general arrangement is shown in figure 1, and certain components in more 
ftail in figures 2, 3 and 4. The details of wiring are omitted as they are fairly 
j\vious and would confuse the diagrams. 

| M is a synchronous (gramophone) motor run off the 50- cycle, 100-volt mains, 
adapted by the addition of the ebonite drum d, and gearing which causes the 
am to rotate about a vertical axis at one revolution per second. Let into the 
lirface of the drum is a vertical strip of brass which at every revolution makes 
etrical contact between two horizontal strips of phosphor bronze sprung into 
tact with the drum. The dry cell B, is thus made to give an impulse every 
ond to the clock C which has a synchronome movement. At the circumference 
what would normally be the dial is an annulus 7 of keramot into which five 
ually spaced segments of brass are inserted. The internal surface of the short 
indrical tube formed by the annulus is turned in the lathe so that the brass 
ements are exactly flush with the surface. The segments are in mutual electric 
anexion. At the end of the hand / is sprung a platinum contact piece which 
fesses against the internal surface of the annulus and follows behind the hand. 
pus every 12 seconds for the duration of a second an electric path is opened 
tween the contact piece and one of the brass segments, and a circuit of which 
jese are part is completed. 

|| If the clock had been specially made for the purpose in view it would have 
fen easy to arrange the segments in two sets spaced alternately, so that alternate 
cuits could be completed which should operate the desired mechanism through 
simple type of relay. A relay of some kind is necessary because the power 
quired to operate the final mechanism is greater than could be passed directly 
rough the clock without causing destructive sparking. But in point of fact the 
bck, as also the synchronous motor, was already in use to give simple warning 
als every 12 seconds, and thus these two elements were available, in the form 


tf: 


" 
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described above, when the details of the method for producing alternate actio 

were in question. ; 
When the circuit through the clock is completed, the dry cell B, operates 

parallel the buzzer Z and the electromagnet m. The magnet m (see also figure 2 


eb ear 


Figure 4. 


is part of an electric bell adapted by having a wire stirrup ST soldered to the en 
of the striking arm in place of the ball. A light rod P,P,, consisting of a piece 0} 
steel wire about 20 cm. long and 1 mm. in diameter, is constrained at P, by a short 
length (about 1 mm.) of thread attached to it and to the end of a fixed piece of 
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Jick wire O aun sealing-wax. It is constrained by its weight to rest in contact with 
: horizontal portion of the stirrup ST (the point of contact being about 4 cm. 
bm the end P,) and about its longitudinal axis by the action of a wire xy fastened 
|| it by sealing wax near the end P,. The centre of gravity of the wire is between 
P, and y so that the end x is kept pressed against the vertical face of the wooden 
right that holds O and m. Thus the short wire T, which depends from the rod 
gar the end P,, is kept approximately vertical. The rod is also constrained near 
end P, by a system of wires shown in greater detail in figure 3 which is roughly 
scale. The system of wires was actually made by inserting ordinary pins into a 
lock of wood and suitably bending them. The range of vertical movement of the 
i crup is such that at one extremity the stirrup presses the rod so that the end P, 
| forced into either of the corners «, y, and at the other extremity leaves it free to 
\ t under gravity in contact with either of the corners B, 5. There are thus four 
bsitions of rest which the rod can take up, but the pins are arranged so that 
hese must be reached in a definite cyclic order, namely «yd, the path of P, 
ting shown by the dotted line. For suppose that initially P, is at « When m 
i|iceives an impulse the stirrup is depressed and the rod falls till it strikes the pin de. 
slides down the pin till it reaches the end e when it slips through the gap 
jetween e and g. It would now be geometrically possible for it to proceed either 
5 or f, but its path is in fact determined mechanically, for in virtue of its 
}srizontal momentum it continues to travel to the right, and by the time it has 
lilen sufficiently to reach the constraining pins again it is definitely to the right 
the dividing edge 7 and therefore slides down the pin /f till it is brought to rest 
the corner f. The current supplied to m by the clock lasts for one second, whereas 
e time taken for the rod to pass from « to f is only a fraction of this. The rod 
rerefore rests at 8 for the best part of a second. Then the current in m ceases, 
hd the stirrup springs vertically upwards carrying the rod with it. The end P, 
4s no choice but to follow a course such as the dotted line till it is brought to 
-st by the corner y, where it stays till the next impulse is given by the clock 
‘Wz seconds later. It then proceeds in a similar way from y to 6 and thence back to 
jhe starting point «. Two mercury cups ¢,, ¢, figure 2, are arranged so that when 
F, is at B or 5 the wire T is dipping into the corresponding cup. These cups are 
f glass: each has a T tube of small diameter attached near the bottom and bent 
pwards. Into the mercury contained in these T tubes iron wires are inserted 
» make electric connexion. The cups are contained in a cylindrical glass jar which 
} kept full of distilled water so as completely to submerge them. This arrangement 
as found to be satisfactory in damping sparks and keeping the mercury clean. 
it is in this respect far preferable to immersion in oil. The only trouble that arises 
that a small quantity of the mercury is atomised by the spark every time the 
}ircuit is broken, but this mercury merely collects at the bottom of the jar, and 
il that is required to maintain the arrangement in working order is the occasional 
Hddition of a little mercury to the, cups, and of course the periodical addition of 
Jhistilled water to the jar. The jar rests on a shelf which can be clamped to the 
|vooden upright at the height necessary for correct adjustment of the mercury 
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cups relative to the wire 7. The rod P,P; (by means of a wire attached near the 
jointed end P,) and the mercury cups are in circuits (connected through suitable 
resistance to the roo-volt d.c. mains) which operate one or other of the solenoids 
S,, Sy of figure 4, which shows the arrangement for delayed action. A wooden 
bar XY is pivoted about its centre. The range of its possible rotation is defined 
by the adjustable screws U;, U;, the ends of which come up against small brass 
blocks screwed to the upper faces of the solenoid bobbins. The strip springs o,, o, 
press against the ends of the bar by an amount which can be adjusted by the 
SCreWS U,, Ua, so that the bar just does not slip under the weight of the ball 5. 
Attached to the sides of the bar are two strips of brass the upper edges of which 
are milled so as to be flat and parallel. They are sawn through in four places so 
as to give two electrically isolated sections V,, V,. The gaps are filled in with 
ebonite so that the top edges are mechanically continuous. 
Suspended by hooks screwed into the under surface of the bar, two iron rods 
hang inside the bobbins of the solenoids S,, S,, which are waxed to the base in 
such positions that the rods hang freely. The solenoids consist of 1-lb. reels of 
24 s.w.g. Copper wire as commercially supplied. Successive impulses given to the 
solenoids by the operation of the relay give successive pulls to the iron rods and 
tilt the bar backwards and forwards. A 1-in. steel Hoffmann ball d rests between 
the brass rails described above and rolls between two wooden blocks f,, 6, which 
are fixed near the ends in front of the screws U,, U, and act as buffers. The limits 
of tilt of the bar are adjusted by the screws U,, U, so that the ball, starting from — 
rest at either end, takes the required time, after the impulse is given to the bar, 
to reach the insulated section at the other end. The sections V,, V, are connected 
respectively to two solenoids, S;, S,, figure 1, similar to S,, S, and in circuit © 
with the 100-volt mains so that as the ball on its journey from X to Y passes over Va 
it operates the solenoid S,. Before reaching V, however, the ball must pass them 
section V,, and this would give an impulse to S;, but as S; was the last to be 
operated in the previous cycle this additional impulse would cause no reversal. 
Nevertheless in order to save the total amount of sparking at the rails, and also 
to eliminate magnetic disturbances which were otherwise set up, and were objec- 
tionable for the particular purpose in view, an arrangement was made automatically 
to cut out this additional impulse. Mercury cups Cy, C,, figure 4, are attached to 
the tops of the bobbins S,, S, respectively, and wires W,, W, are attached to one 
side of V,, V, respectively, and form parts of the corresponding circuits. The 
wires are adjusted so that when the end X moves down, W, dips into C, and 
W, is withdrawn from C,, and when the end X moves up, W, is withdrawn from Cy 
and W, is inserted in C,. Thus when the end X is down, V; is in circuit, but when 
S, tilts the bar this disconnects V, before the ball has time to reach it, but puts” 
V, in circuit in plenty of time. Sparking at V,, V, is reduced by connecting a 
condenser across each. Merely for the purpose of demonstrating the working of 
the system, the solenoids S,, S, were made to tilt backwards and forwards a brass 
rod Q, figure 1, which made alternate contacts at the mercury cups C;, C,, and 
lit up alternately a red lamp R and a green lamp G. In the arrangement for which 
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relay was designed a rod that is operated in a similar way to Q (but without 
|, further circuits being involved) works the mechanism referred to in the opening 
ion. In conclusion I should like to thank my colleague, Mr J. Guild, for his 
‘erest and assistance in discussing the design at various stages. 


NOTE ADDED NOVEMBER 18, 1935 


Since the relay was demonstrated in the form described above, the details of 
struction of the portion which gives delayed action have been somewhat 
ified. 
|] It was found that the gradual pitting of the surface of the ball which resulted 
m sparking eventually caused the ball to be retained in its position of rest at 
extremity of the bar when the tilt of the bar should have caused it to begin 
‘ing. [his was not a very serious trouble since a new ball is easily substituted 
‘the old. But in addition the pitting of the live section of the rail, particularly 
‘the ends of the section where the ebonite is inserted in the gaps, caused the ball 
ibe held up at these points. To remedy this a new bar was made, the rails of 
jkch are continuous steel strips. Between the rails at each region corresponding 
on insulated section in the previous arrangement is placed a pair of light steel 
\}p springs with platinum contacts at the ends. The springs are one above the 


Her, so that in passing over them the ball presses the top spring on to the one 


1 >w and closes the circuit at the platinum contact. The ball and the rails should 
ls last indefinitely, and the platinum contacts can at any time easily be renewed. 
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REVIEWS 


Arnold and Co., 1935.) 10s. 6d. 


Probability, especially in its application to the theory of errors and the reduction 
of observations, is as prolific a source of argument and debate as any other branch of 
philosophy. It would be easy to spend a pleasant evening by the fireside disputing som 
of the views expressed in this book—or equally pleasant, if one’s companion preferred 
the role of attacker, to pass the hours in defending them. 

Point one, to which the debate would frequently return, would be the question whether 
subsequent knowledge of a more accurate result can be a reason for supposing that one 
method of treatment of earlier, less accurate, data is better or worse than another treat- 
ment. The protagonists would also have the opportunity for a fine clash over the question 
whether the advice given seventy years ago to astronomers, to help them to decide which 
observations of parallax (many of which were smaller than their probable errors) ought 
to be rejected, is of general application. Doubtless, neither side would convert the other 
but, what is more important, the defender of the book would not at any stage have to 
repudiate his text. 

It can truthfully be said that any readers who contemplate either debating the theory 
of errors in general or using the methods in reducing observations should certainly be 
familiar with the contents of this book. Admittedly, it would be well if they were familiar 
with more, since it is only a ground-work. Within that limitation, however, it is sound 
and accurate. Among the omitted matters, which might be considered for inclusion in 
the next edition, are the method of fitting a curve to observations when both coordinates 
of each point are uncertain, and some sketch of the recent work on goodness of fit. 

J. HLA. 


A Table of Eisenstein-Reduced Positive Ternary Quadratic Forms of Determinant 
< 200, by Burton W. Jones. 51 pp. (Bulletin of the National Research Council, 
No. 97. Washington, 1935.) $1.00. 


In connexion with the theory of numbers, quadratic forms 
ax? + by® + cz? + 2aryz + 2s2x + 2txy 


are of interest. Although it is true that by substitutions of the type X=a,x+Byy+y2, 
such a form can in general be transformed into any other quadratic ternary form, yet if 
the coefficients of the substitution are restricted to be integers, and its determinant 
| 873 | to be unity, then the variety of transforms is limited. Of all forms obtainable 
by such a restricted transformation from a given form, one can be selected as the repre- 
sentative. Eisenstein has shown how to select this reduced form uniquely, and the present 
table shows the type-forms corresponding to any given form. 

Since the determinant of the transformations considered is unity, the determinant — 


EDS 
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of the form itself is unaltered by the substitution. Thus the basis of the classification is 
the determinant of the form. For each value of this determinant from 1 to 200, the table 
shows the values of a, 5, c, 7, s, and ¢ in the equivalent forms. There may be as many 
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H| 59 of these reduced forms for a given determinant, and the coefficients for each of 
fie 59 are in such a case given separately. In addition, the actual number of these sub- 
SES Is stated, as well as the number of automorphs of each reduced form. (The automorphs 
a form are the forms obtained by transformations which turn the form into itself, 
>. the number of automorphs in effect shows the degree of arbitrariness in the actual 
bstitution needed to effect the desired transformation.) 

No method is suggested whereby the sub-class can be determined to which a given 
ttm belongs, nor is any process offered for finding the transformation from a given form 
its appropriate reduced form. This is not really necessary, since the purposes for 
ich these forms are used only require that the properties of the reduced form be 
10wn. ‘The reduced form is in fact so far representative of all its equivalents, that the 
operties of both are identical in so far as the applications to number theory are con- 
ted. For this purpose, the present table is admirable. It is more extensive than any 
recursor, is very clearly arranged, well printed and inexpensive. map ines ey 


‘Per Aufbau der Atomkerne (Natiirliche und Kiinstliche Kernumwandlungen), by 
L. MERTNER and M. Desrticx. Pp. ii+62. (Berlin: Julius Springer, 1935.) 
RM. 4.50. (Paper cover.) 


This is an attractive little book, which can be especially recommended to honours 
udents as an introduction to the study of nuclear physics, and as material for practice 
reading German. The first part deals with experimental results, the second with their 
terpretation in terms of quantum mechanics. The treatment is non-mathematical. 

H.R. R. 


he Structure of Metallic Coatings, Films and Surfaces. The Sixty-second General 
Discussion of the Faraday Society, March, 1935. Pp. 248, and 77 plates. 
(London: Gurney and Jackson, 1935.) 21s. net. 


It would be superfluous to emphasize here the value of the discussions held periodically 
* the Faraday Society on physical and chemical subjects. The high prestige that they 
ve attained in the view of all physicists and chemists as a source of accurate and 
-to-date information on many varied topics is a sure guide to their utility. The dis- 


ssults already obtained, may be placed with microscopy as one of the most powerful 
nethods of research available to the metallographer in the study of metal surfaces. 
deed, it is perhaps surprising that a development of such practical importance should 
lave arisen so directly out of the abstruse physical theories of de Broglie. Prof. Finch’s 
fpomplete and beautifully illustrated paper provides an excellent introduction to the method 
‘| d its applications, while the other papers on this subject also provide material of 
Poportance to both physicists and metallographers. Of particular interest is the evidence 
Hiven by electron-diffraction in favour of Beilby’s theory of an amorphous layer on the 
} rface of polished metals. 
| The second part of the discussion, on metallic coatings, affords a very comprehensive 
Hlurvey of the methods of investigation which may be applied to metal surfaces, in par- 
cular to electrodeposited coatings. Optical methods are the subject of two interesting 
fapers by Dr Tronstad and Prof. Ornstein respectively, while others illustrate the metal- 
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lurgical and X-ray methods of examination. The other papers deal with almost all aspects 
of electrodeposition in a manner which will doubtless be of interest to both electro- 
chemists and electrodepositors. Finally there are two papers on the formation. of coatings 
by spraying and dipping respectively. It is to be hoped that this discussion will stimulate 
scientific as against the hitherto rather empirical methods of attacking the problems 
associated with the production of metallic coatings by electrodeposition and other methods. 
No review of this book would be complete without reference to the seventy-seven 
plates, of which almost half are electron-diffraction photographs. The reproductions are 
excellent, as indeed is the whole production of the book. Sak: 


The Structure of Crystals. Supplement for 1930-4 to the second edition, by 
Ratpo W. G. Wyckorr. 240 pp. (American Chemical Society Monograph 
Series: Reinold Publishing Corporation.) $6.00 


Dr Wyckoff’s earlier volume contained descriptions of determinations of X-ray struc- 
ture made previous to and during the year 1930. This supplement continues the account 
up to the year 1934. Some idea of its scope may be gained by noting that the index of 
substances contains over 1000 entries, and the bibliography a list of over 2000 papers. 

Now that such complex structures are being analysed, the best method of presenting 
the results in the form of figures is a serious problem. The author gives in most cases a 
plan of the structure with an indication of the heights of the atoms above the plane of 
projection, and an accompanying sketch to this same scale in which the atoms are shown 
as shaded spheres packed together. This scheme is very successful and enables the nature 
of the structure to be grasped easily. 

The Structure of Crystals is one of the essential books of reference for all who work 
in this field of X-ray analysis, or who need information about crystalline structure. The 
labour of compiling such a work is great, because authors have many different ways of 
stating the results of analysis, and each paper must be thoroughly mastered before its 
contents can be paraphrased into a common conventional form such as is used in the 
book. We owe a debt of gratitude to Dr Wyckoff for bringing his work up-to-date and 
so materially assisting the progress of research. W.L.B. 


Infra-red and Raman Spectra, by G. B. B. M. SuTHERLAND, M.A., Ph.D. Pp. 
xi+112. (Methuen’s Monographs on Physical Subjects. London: Methuen 
and Co., 1935.) 3s. net. 


Though of comparatively recent growth, the two branches of spectroscopy surveyed 
in this monograph have become so extensive and have assumed such importance in the 
investigation of the structures of the ground states of polyatomic molecules that each of 
them needs a considerably larger monograph to itself. Compactness, however, is an 
avowed and laudable object of this well-known series. In order to condense the essentials 
of both into 112 small octavo pages, the author treats them as a means of investigation of 
molecular structure rather than as subjects in themselves. For readers interested in other 
aspects of these spectra, however, the monograph will be helpful as an introduction. The 
opening chapter deals with experimental methods, the second chapter with the normal 
vibrations of molecules of several different types, the next two chapters with non-electronic 
infra-red absorption bands, i.e. vibration-rotation bands and the far infra-red rotation 
bands, and the fifth and last chapter with the correlation of these bands and Raman 
spectra. A bibliography is provided, in addition to references at the end of each chapter. 
The appendix contains numerical values of internuclear distances, moments of inertia 
and vibrational frequencies of some molecules in their ground states, as determined from 
analysis of these spectra. W. J. 
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Veroffentlichungen des Wissenschaftlichen Zentral-Laboratoriums der Photographischen 
Abteilung-Agfa. Band 1v. Pp. vi+262. (Leipzig: S. Hirzel, 1935.) RM. 12.50. 


The Agfa Company is fortunate in possessing an enthusiastic band of research workers, 
and the present volume, forming No. 4 of the series of collected papers, contains a number 
of articles contributed on the occasion of the International Congress for Applied Photo- 
graphy held in Paris this year (1935). 

The volume appears to convey a very good idea of the contemporary state of photo- 
graphic research. We notice papers dealing inter alia with the present theories of the 
latent image, the measurement of the granularity of developed films, photographic plates 
for scientific photography, grid lenses, the use of Scheiner disks in Réntgen-ray sensito- 
metry, the resolving-power of photographic objectives, and the kinematographic repro- 
duction of the sensation of space. 

It would be quite impossible to deal with more than a small fraction of these topics 
except in a very long review, but it may be useful to many to know that while perhaps 
the majority of the articles are addressed to photographic research workers and photo- 
graphic specialists, there are a number of sections, such as H. K. Weichmann’s article on 
photographic plates for scientific photography which will be of the greatest interest to 
spectroscopists, microscopists and many others. The spectral sensitivity of various Agfa 
emulsions is described both verbally and with the aid of step-exposure spectrograms. 
Both ultra-violet and infra-red plates are described, and the appropriate methods for 
super-sensitizing the infra-red plates are discussed. The plates described here can be 
compared with the Ilford products of which short particulars are given in the Fournal of 
Scientific Instruments for October, 1935 (p. 333)- 

Opticians, too, will be interested in Kujawa’s article on the resolving-power of photo- 
graphic objectives in which an interesting attempt is made to develop a method of com- 
paring the relative sharpness of images given by various objectives in a manner really 
related to the proper conditions of performance. Only too often the results obtained with 
lens-testing benches can be misinterpreted, and the evolution of a really good test is 
much to be desired. 

The volume is very attractively printed and well illustrated with clear diagrams and 
photographs. Lic. 


Elements of Loud-Speaker Practice, by N. W. McLacuian. Pp. viti+160. 
(Humphrey Milford: The Oxford University Press, 1935.) 5s. net. 


If the extent to which an author achieves his purpose is a measure of the success of 
his book, then Dr McLachlan, who aims at telling “‘the average person, (1) the purpose 
of a loud-speaker, (2) how it works, (3) how it is designed, and (4) the effect of the room 
where it is used upon the sound reproduction”’, is to be congratulated upon the result 
of another journalistic venture. The text, which, with the exception of a chapter on 
recent developments, is derived from a series of articles published in World Radio during 
the latter half of 1933, deals not only with the various forms of loud-speaker but such 
cognate subjects as bafHles and the coupling of the loud-speaker with the power valve. 
The treatment is authoritative and non-mathematical; the analogies employed are kept 
within the bounds of the elastic limit; and as the diagrams are as clear as the arguments 
are lucid the volume, which is well produced and a handbook in the non-teutonic sense, _ 
is suitable for relieving the tedium of a train journey. The book should do much to dispel 
the mist of mixed and doubtful notions with which its subject is apt to be surrounded, 
and may be recommended both to the “average person” and to those wishing to perceive 
the loud-speaker wood in true perspective in preparation for a detailed study of any 
particular tree. Ee jel 
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Noise, by N. W. McLacutan. Pp. vit148. (Humphrey Milford: The Oxford 
University Press, 1935.) 6s. net. 


As author of this readable little volume Dr McLachlan appears again in his now 
familiar role of pioneer and provides us with what we believe to be the first book to be 
published in this country on the subject of noise. The matter is treated from a general 
rather than a technical standpoint, and the book, dealing as it does with the behaviour 
of the ear, the measurement of noise and frequency analysis, the noise encountered in 
various locations and the agencies which produce it, as well as with the physiological and 
psychological effects of noise and its mitigation, justifies its claim to be a comprehensive 
survey from every point of view. Although in consequence the book is of the nature of 
a compilation, the diverse matter it reports—gleaned from some hundred and forty sources ~ 
cited in an appendix—has been sifted and welded into a well-knit whole. A feature of 
the text is the use of the expression “‘reftone level” which conveniently connotes in 
decibels ‘‘the intensity level of the equally loud reference tone of 1000 c./sec. above the 
datum or threshold of 200 microdynes per cm?”’ The volume is a companion one to the | 
author’s Elements of Loud-Speaker Practice, and, to paraphrase Sir Henry Fowler’s fore- 
word, the book should prove invaluable to those actually interested in the subject as well 
as to the ordinary man upon whom it is forced. E. Jaue 


Anecdotal History of the Science of Sound, by D. C. Miturr, D.Sc., LL.D. Pp. 
xii+114. (London and New York: Macmillan Co., 1935.) 10s. 6d. net. 


The author deplores the lack of information on the history of sound given in the 
text-~books, citing two well-known histories of physics in English from which the subject 
is almost completely omitted. Although we think he would revise his statement if he 
referred to standard German histories, such as that of Hoppe, it is undoubtedly true that 
this branch of study was passed over by the majority of physicists until the last few years. 
No better proof of this statement could be given than the fact that in this country Prof. 
Miller is more widely known for his ether-drift experiments than for his, probably more 
extensive, work on the sounds produced by musical instruments. 

The book is an attempt to stop this gap in scientific history. It would be unfair to 
criticize it as a historical treatise, since the author disclaims the intention to write one. 
The book does in fact give a series of detached notes on the lives and work of experi- 
menters in sound from Pythagoras to W. C. Sabine, i.e. in what one might call, for want 
of a better classification, pre-War acoustics. It is curious that until the middle of the 
last century work in sound was almost entirely in the hands of musicians and mathe- 
maticians, so that practice and theory pursued separate paths for a longer period than in — 
any other branch of science, except possibly the sister science of hydrodynamics. 

The reader of a book like this inevitably finds that his cherished opinions disagree at 
times with those of the author. For instance, the statement “‘the flute is the simplest of | 
wind instruments, yet one cannot by theoretical calculation: locate any finger-hole on a 
flute tube which will produce a given tone” is hardly fair to recent applications of 
Webster’s concept of acoustic impedance, while the summing-up of Rayleigh’s work in 
the words “Of discoveries sensationally new there is perhaps not one to record, though 
his experiments have justified many theoretical conclusions and have suggested new points 
of view” seems rather faint praise of a great scientist. Nevertheless the book is very 
readable and inspiring, and will undoubtedly form the basis of an historical treatise on 
sound for whoever is willing to undertake the task of writing one. E.G.R. 
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ics for College Students, by A. A. KNowtron, Ph.D., Professor of Physics, 


ped College. Second edition. Pp. xxi+623. (McGraw-Hill Publishing Co., 
35.) 2Is. net. 


| his is an exceptional book in virtue of the general line of treatment adopted by the 
lor, who is an enthusiastic and successful teacher. It is a noteworthy example of an 
¢ to humanize the subject, by breaking away from the beaten track that has been 

ved by successions of teachers and pupils whose gaze is turned oft and anon upon 
i nination requirements, and by seeking rather to reveal the wealth of the subject- 


er, attained often by heroic human achievement, and very relevant to the enjoyment 
Hfull life of action and thought. 

he course is intended to occupy a year, and to be taken both by those who do and 
who do not intend to pursue the subject of physics further during their college 
er. This is the second edition of the book, and in the intervening seven years the 
or, while adhering to his main principle of treatment, has made improvements in 
f tion of material and in simplification here and there, as experience has dictated. 
ne is struck at once by the absence of the usual segregation of phenomena into the 
#ies mechanics, heat, light, etc., and the idea of a unification soon begins to take shape. 
f-gy occupies a commanding place, and branches, such as radio-electricity, which have 
vtly risen to special importance on account of their attractive applications, or which, 
#icosmic rays, have made widespread appeal to intellectual curiosity, are given a sub- 
ial place. 

he mathematical treatment is of the simplest, no mathematics more difficult than 
le algebra and trigonometry being drawn upon. Formulae appear in plenty, often 
cut more than a suggestion of the line of proof, but they are clearly explained and 
ied. Though no previous knowledge of physics is assumed on his part, the student 
his attention directed to a vast array of topics which may be of the usual homely 
|. such as thermometers, lenses, sound waves, the earth’s magnetism, Ohm’s law, and 
2; or which may belong to categories usually considered abstruse, and outside the 
he of the elementary student, such as Bernoulli’s theorem, the diffraction of light, 
tic polarization, the Michelson-Morley experiment and the theory of relativity, the 
fvalence of mass and energy, the quantum of radiation and Planck’s constant, and 
fy more. Teachers would do well to read this book, and to see how it is possible to 
e real intellectual interest and to impart a useful body of knowledge in a field so vast 
at of the physics of to-day. 

he book is plentifully illustrated with diagrams and photographs, with one coloured 
showing spectra, and the whole is excellently produced. D.O. 


eduction to Physical Science, by CARL W. Miter. Second Edition. Pp. Xiv + 409. 
ehapman and Hall.) 15s. net 


*rof. Miller emphasizes the close relationships between the classical divisions of 
hics—heat, light, sound and electricity—and leads the student gradually and easily 
h no mathematics beyond that common in high school courses” to the study and 
Feciation of such modern subjects as relativity, artificial atomic disintegration, wave 
Paanics and cosmic physics. The atom and the elementary particles really do get plenty 
notice but molecular phenomena are somewhat overlooked; for instance, surface 
| lion is not mentioned. This rather great emphasis on atomic physics would seem to _ 
infortunate in a book of this standard and generality and with this title. 

i (he aim of the author has been ‘‘to lead the student by as natural steps as possible 
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from the beginnings of scientific thought through to the surprising results of modern 

research” apparently “‘in the short space of a single year”’. 
Such ambition merited success and this early publication of a second, somewhat en- 

larged, edition is an indication that a measure of success has been achieved. J.H.B. 


Le Pansoma et la Géométrie de Energie, by Dr A. C. L&emMan. Pp. viti+257. 
(Genéve: Georg et Cie. S.A. Libraires-Editeurs, Librairie de lUniversité, 


1935:) JF 415% 


This book is quite harmless. It contains a large variety of rather feeble speculations 
which have as their object the unification of recent advances in modern physics, geometry, 
biology and psychology by the use of the concept of the Pansoma. The author’s investiga- 
tions seem to have no point of contact with the real world and to be exclusively occupied 
with verbal and numerical jugglery. G.T, 


Pareto’s General Sociology. A Physiologist’s Interpretation, by LAWRENCE 
HENDERSON. 119 pp. (Cambridge Harvard University Press. London: Hum- 
phrey Milford, Oxford University Press, 1935.) 5s. 6d. net. 


University of Lausanne. According to the author, Pareto’s researches in sociology have 
been profoundly influenced by Machiavelli’s pioneer study entitled The Prince. 

This work has a certain interest for students of chemistry and physics inasmuch as 
the general concept of a physico-chemical system in thermo-dynamical equilibrium is 
used as an analogy illustrative of Pareto’s concept of a general social system; but the 
analogy is only sketched and, doubtless for very good reasons, receives no systematic 
development. Pareto’s work has already had a certain historical influence as it appears: 
that Signor Mussolini has attributed his abandonment of socialism to the teaching of the 
author. G.T. 


Turbulenz. Physikalische Statistik und Hydrodynamik, by Dr Hans GEBELEIN, 
V.D.I. 177 pp. (Berlin: Julius Springer, 1935.) RM. 12.50; gebunden RM. 14. 


The object of this book is to give a systematic account of the application of statistical 
methods to the problems of turbulent motion in liquids. The subject is one of immense 
importance and constitutes the great outstanding problem of physical hydrodynamics as 
distinct from mathematical hydrodynamics, the main object of which appears to be the 
construction of elegant and soluble examination questions. 

In physical hydrodynamics, in which the object is to investigate the actual properties 
of real fluids, almost all the difficulties arise from the development of turbulent motion. 
On the Continent an immense amount of research has been done by Prandtl, von Karman, 
and by Burgers; while in England we are indebted to G. I. Taylor for a magnificen 
series of investigations which have recently culminated in the publication of four papers” 
in the issue of the Proceedings of the Royal Society, September 2, 1935. Unfortunately 
the author of this monograph ignores almost entirely the work of G. I. Taylor (whose 
second initial is given as J.) and the work of Burgers, the only account of which in English’ 

1s to be found in the first volume of the Reports on Progress in Physics, published by the 
Physical Society. Within these narrow and self-imposed limits, Dr Gebelein gives an 
admirable account of statistical methods in general and of their application to the extremely 


Reviews of books 215 


ficult and complex problem of turbulent motion. The inclusion in a single monograph 
e wide researches of Prandtl and his co-workers is an extremely valuable and im- 
ftant piece of work, and all those who are interested in these hydrodynamical problems 


find this book indispensable. G.T. 


» Temperature Physics, by L. C. Jackson. High Voltage Physics, by L. Jacos. 
fp. vil+ 134. (Methuen’s Monographs on Physical Subjects. London: Methuen 
-CO.1935.) Hach 3s. 


his is an age of monographs, for the advances in various branches of physics are so 
en that a comprehensive treatise on physics is often out-of-date in parts before it 
ithes the public. These small volumes should prove of material assistance to the student 
ding for an honours degree and also to the research worker in other branches of physics. 
about one hundred pages the field defined by the title of each book is surveyed in a 
and orderly manner. 

iin the volume on low temperature the subject-matter is restricted to temperatures 
| higher than that of liquid air, and most of it is concerned with the region below 
i/K. which is accessible only in specially equipped cryogenic laboratories. We are 
nessing in this country at the present day a revived interest in low-temperature research 
there is a prospect that this country will regain the supremacy it had a quarter of 
ntury ago, when the Royal Institution was the centre for cryogenic work. 

he volume on high-voltage physics is concerned with the effects on matter of 
ages of from about 1 kV. to roo0 kV. and more. The opening chapter of the book 
#Fains an admirable survey of methods for the production and measurement of high 
Hage. Most of the results so far obtained on dielectrics are to some extent empirical 
ag to the complex structure and behaviour of the materials examined. So much 
stigation work will be necessary before the subject is placed on a theoretical basis. 
}rurable as these volumes are for the object in view, yet one wishes they could be 
lied to the student at a lower price than 3s. per volume. E. G. 


tric Welding Practice, by A. G. RoBIETTE, B.Sc. 324 pp., 87 illustrations, in- 
luding 3 folding plates. (Charles Grifiin and Co., Ltd., 1935.) 


With the rapid development in electric-furnace technique that has taken place in 
=nt years, the need has arisen for a new text-book on the subject. The author of the 
Pk under review outlines metallurgical practice as carried out in electric melting- 
vaces, and discusses the requirements of metallurgical processes in relation to the type 
lectric furnace which has been found most suitable. The book illustrates the enormous 
tclopments that are occurring in the application of electricity to the melting and refining 
metals. The subject is one which presents many interesting problems to the physicist 
Jfonnexion with the design of high-frequency furnaces. 
}\ in writing the book, the author has drawn on his experience as metallurgist successively 
Hhe Electric Furnace Company, Ltd., and the Birmingham Electric Furnaces, Ltd. 
R.G. 
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